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(Received for publication bth June 1939.) 


Veritol, or j3-(p-oxyphenyl) isopropylmethylamine, a synthetic drug, 
is a member, pharmacologically and chemically, of the adrenaline 
group. Its action on the circulatory system has recently been widely 
investigated, and the different workers agree in stating that it causes a 
prolonged rise in blood-pressure, but do not agree as to the quantitative 
relations between dosage/duration and dosage/extent of rise of blood- 
pressure. Moreover, explanations put forward as to the cause of rise 
of blood-pressure differ widely. 

Rein [1937] and Heymans and Bayless [1937] state that the rise 
of B.P. caused by veritol is due to a greater fflling of the vessels by an 
increase of the minute volume and not to an increase of the peripheral 
resistance to the flow. Lindner [1937] has come to a similar conclusion. 
Another group of authors, including Zipf [1937], Turchetti [1938], 
and ScafBdi [1938], however, suggest that the main reason for the rise 
of B.P. is not an increase of the amount of blood in circulation, but an 
increase in peripheral resistance as the result of vasoconstriction. 
Pinally, Eicliler [1937] and Miigge [1937] maintain that the rise of 
B.P. is caused by a simultaneous peripheral and heart action. Those 
authors, again, who suggest the chief factor in producing the rise in 
B.P. to be an increase in the peripheral resistance do not agree as to 
the manner in which this peripheral effect arises. Results obtained 
by perfusion of isolated organs furnish a further source of controversy. 
According to Lindner [1937], veritol has no influence on the lumen of 
the vessel. Miigge [1937] found a constriction of the vessel in the 
perfused rabbit’s ear. Biehler [1937] found vasoconstriction in the 
rabbit’s ear and cat’s tail. 

In order to clear up these points of controversy as to the nature 
of the action of veritol, a series of experiments were planned. These 
were designed to study the following points of importance : — 
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1. Action on B.P. 

2. Action on heart. 

3. Action on vessels: (a) peripheral, and (b) central. 

4. Other actions. 


1. Action on B.P. 

Experiments were carried out with anaesthetised decerebrated and 
decapitated cats. Ether was used for producing anaesthesia. In the 



r#»ln.tion betTveen dosage of veritol and adrenaline and rise 
I-IO. pressure in decerebrated cat (wt. 2-0 kg.). 

Abscissa: log. dose in /<g./kg. Ordinate: rise of B.P. in mm. 


ic pbioralose was used at a later stage (100 mg./kg.; 1 per 
itact .^.^^-enously). The B.P. was recorded by means of a 

ent. solution r carotid artery. Various doses of veritol 

flcrcury ™^^°.“^j,avenously, and the effects were quantitatively com- 

was found to he • 

concerned). .-.j-tive relation between log. dose and rise of B.P. is 
^p) The curve (see fig. D- In the same animal veritol 

represented by a sigmoi^^^ maximum obtained with 

never can produce . . . 

adrenaline. relation between dosage and duration of action of 

pqg. 2 shows tiie ic 
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veritol. With doses of 10 /<g./kg. or less tho durations are similar to 
those obtained with similar quantities of adrenaline, but Avhereas 
10 /tg./kg. adrenaline produced a nearly maximum response, the same 
dose of veritol produced about one-tenth of this response (cf. fig. 1). 
In this range the relation betu'een log. dosage and duration is approxi- 
mately linear. With doses of veritol of 100 /<g./kg. and over, which 
produced a nearly ‘maximum response, the duration was approximately 



Fig. 2. — Quantitative relation between dosage and duration of action of veritol 
and adrenaline in decerebrated cat (wt. 2-0 kg.). 

Abscissa: duration in min. Ordinate: log. dose in yjkg. 

proportional to the dosage. This type of complex relation between 
dosage and duration was obtained by Clark and Eaventos [1939] with 
ephedrine. Figs. 1 and 2 together show that when equi-active doses 
which produce a considerable response are compared, then the duration 
of action of veritol is much longer than the duration of action of 
adrenaline. 

2. Action on the Heart. 

The action on the heart was studied in cats in situ by measuring 
the influence of veritol on: 

(a) heart rate, 

(b) minute volume, 

(c) stroke volume, 

(d) auricular and ventricular contractions. 

(e) venous and carotid pressure simultaneously. 
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{a) The heart rate was measured in vagotomised cats under chloralose 
ansestliesia and in decerebrated and decapitated cats under ether 
aneesthesia. It was found that veritol had practically no influence 
on the heart rate. Small doses of 10 ^ug./kg. showed no effect, large 
doses of 100 /<g./kg- a-nd over sometimes produced a slight increase. 
Adrenaline usually caused a marked increase in heart rate. 

(6) The minute vohime was measured by means of a specially designed 
apparatus (fig. 3). A glass tube of the shape shown in fig. 3 was con- 
structed. The space XY contains a steel ball of a diameter slightly 
less than that of the internal bore of the tube. The liquid may thus 



■oast the ball, but since the latter offers resistance to the flow, it 
•7 ced UP into the inclined portion of the tube. As the tangent to 
oint on the tube continually changes in direction, the ball wiU 
rest at that point where equilibrium is attained between the 
rT dynamic pressure of flow and the resultant gravitational force 
hydro y point. 

acting on equilibrium for a given rate of flow is determined, on 

h Tid bv the internal diameter of the tube, and, on the other 
the one ’ J^gt^nce of the ball, which is dependent on its diameter 
hand, By direct measurement of the rate of outflow 

and f Wood, passing through the tube the curve was graduated 

of a stream instrument was fitted m place in the severed 

in c.c. per rm ■ j^^^j^ontal portion being directly inserted into the 
vessel as sho^n. p^^^jon being connected via a rubber 

proximal part a ,^uy any ^eat displacement of the 

tube to the distc p recorded directly by reading or 

.vessel was position of the ball. Heparin was used as an 

by pkoto^aphing satisfactory Instead of a tube ivith 

anticoagulant and p ^ straight tube, the internal diameter 

a gradual curve, .p, distal end, held at an angle 

of which graduauj 
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of about 45°. By altering the angle, the range of the apparatus may 
be varied. 

The minute volume is markedly increased by veritol (fig. 4). This 
effect is dependent on the size of the dose. As the heart rate is practi- 



Fig. 4. — ^Response of minute volume after veritol and ndronnlino in vogotomised 
cat, measured in aorta near its bifurcation. 

Abscissa: time in minutes. Ordinate: c.c. per min. 







Pig, 5. — Tracing showing from above downwards. (1) Portal vein pressure, 

(2) stroke volume, (3) carotid B.P. Cat, chloralose anaesthesia. Tune 10 secs. 

cally unchanged, the increase of the minute volume must be due to an 
increased stroke volume. The intensity and duration of the effect on 
the minute volume roughly follows the change in B.P., although the 
mcrease of the minute volume in many cases lasted longer than the rise 
in B.P. (for explanation, see later in perfusion experiments). Adrena- 
line caused a large but short-lasting increase of the minute volume. 

(c) Stroke volume was recorded by the heart oncometer. The 
vagal nerves were cut. Chloralose ansesthesia was used. In many 
cases this experiment was combined with the measurement of the 
pressure in the portal veins and carotid artery (see fig. 5). 
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It was found that the stroke volume was enlarged by veritol, the 
extent and duration increasing with increasing doses of the drug. The 
effect was more prolonged than with adrenaline. After adrenaline the 
portal venous pressure always rose, hut only very rarely was this 
observed mth veritol (see fig. 5). 

(d) Auricular and ventricular contractions were measured by Cushny’s 
myocardiograph in normal hearts and in hearts which had been affected 
Avith evipan. It was found that both auricular and ventricular con- 
tractions increased with veritol, the extent and duration of the effect 






fi —Tracinc shOTvmg action of sodium evipan and veritol on B.P. and 
Fio. 6-— Traces ventricle m cat. 


varying mth the dosage. Tiiis was true with maximum doses of even 

20 mg./kg. . both these movements, the duration, 

Adrenaline a so 1 equi-active dosCs of veritol! 

however, being y jj^jg^ted intravenously it caused a faU of 

When sodium evip •’ f and ventricular contractm^^ 

blood-pressure of evipan on the B.P. and heart con- 

(e) The venous pre vith evipan. 

taneously before anU , jugular vein as near as possible 

The venous pressure was m g found that the venous 

fo the junction .vith the ,fte, veritol (.ee 

pressure was increased after evip 
figs. Va and 7 b). 
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Tig. 7a. — T racing showing change in the pressure in jugiilnr vein and carotid 
artorj' before and after injection of veritol in eat. 



Fig. 7b. — ^T racing showing change in the pressure in jugular vein and carotid 
artery before and after injection of sodium evipan in cat. 


3. Action on the Vessels. 

(ct) Methods. — ^In order to study the effect of veritol on blood-vessels, 
perfusion experiments were carried out on cats in the following 
manner : — 

Oxygenated blood was provided to a perfusion pump (described by 
Bobson and Schild, 1938) by a cannula inserted in the central end of 
the left femoral artery. The perfusion pump was connected to a 
cannula in the peripheral end of the right femoral artery. The sciatic 
and femoral nerves and also the vein of the right leg were dissected 
out and a thick bgature of copper wire was tied tightly round the limb 
in order to prevent collateral circulation, leaving free the nerves and 
vein. This ligature was placed close to the hip joint. Heparin or 
chlorasol fast pink was used as anticoagulant. 

Records of perfusion pressure and carotid blood-pressure were taken 
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simultaneously. The perfusion pressure was brought to a constant 
level and after some time drugs were injected either into the general 
circulation or into the perfusion system close to the cannula. In one 
experiment the perfusion was carried out with blood (of the same 
animal) which did not circulate between limb-body-pump and back to 
the limb, but only flowed from pump to limb and back to pump. The 
blood was mechanically oxygenated in this experiment. 

In all experiments the nerves connecting the limb with the body 
were intact, which was verifled by the injection of cardiazol and evipan. 
Both drugs, known to act on the central nervous system, showed their 



\&p 


^ <r 



^ 


Fig. 8a. — T racing allowing response of carotid pressure (B.P.) and pressure in 
nerfused limb (P.T.) of cat after ventol, without central action. Rise of perfusion 
^ pressure due only to local action. 


immediate action on the pressure of the isolated limb when 
had not been cut- 


the nerves 


i not been cut. _ .... 

(b) Results . — In seven experiments the injection of adrenaline or of 
veritol into the blood going to the perfused hmb caused an immediate 
vasoconstriction. This response was identical in size and duration 
before and after cutting the nerves. In order to see whether this local 
Pffect could be combined with a central effect of these drugs, veritol and 
adrenaline were injected into the general circulation. These injections 
aSays caused an immediate rise of the carotid B.P and a rise of the 
E P ^of the perfused limb occurred after a delay of about 2 minutes, 
i • b was due to the time taken to circulate from the body via the 
^ into the limb (fig. 8a). This rise of pressure in the perfused 
pump into S j vasoconstrictor efiFect, since the 

limb S was kept constant by the pump, identical 

^“Tts were obtained after injections into the general circulation, ivith 

Swerves intac^ local action of 

The rise of pres blood-pressure, but 

pis Ir Spons, to veritol the mioute volume of the p„m. 
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■\vfts increased from 5 c.c./inin. to 9‘8 c.c., the rise of pressure in the 
perfused limb was then of the same order as the rise of pressure in the 
general circulation. 

The experiments on the perfused limb prove that veritol produces 
vasoconstriction. Furthermore, the effects of veritol on the blood- 
pressure of the intact animal can be imitated in the perfused limb by 
administering veritol, and at the same time increasing the rate of 
perfusion. 



Fig. 8b. — Tracing showing response of carotid pressure and pressure in perfused 
limb after veritol, with central eHect. 

The effects produced on the blood-pressure of the intact animal can 
therefore be accounted for on the supposition that veritol increases the 
cardiac output and also causes vasoconstriction. The extent to which 
each contributes to the total effect is variable; the local constrictor 
effect was on the average one-third of the effect on the B.P. of the whole 
animal. 

In the experiments described, it has been shown that veritol and 
adrenaline caused only a local action on the vessels. In four other 
experiments, however, veritol or adrenaline not only had the local 
vasoconstrictor effect two minutes after the injection into the general 
circulation which has been described, but these drugs also caused an 
immediate fall of the perfusion pressure simultaneously with a rise of 
the carotid blood-pressure (fig. 8b). This faU of perfusion pressure, 
however, could only be obtained in these experiments so long as the 
nerves were intact. When the nerves had been cut, an injection into 
the general circulation caused only the usual immediate rise in the 
carotid B.P. and the delayed rise in the perfusion pressure. This 
proves that in these four experiments veritol and adrenaline caused 
not only a local, but also a central, effect on the blood-vessels. 
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Finally, in one case there was an immediate rise in the pressure in 
the perfused limb, which was abolished by nerve section and was 
therefore due to a central action. In these experiments the vagi were 
cut and the carotids ligatured. The central effects therefore were not 
due to a carotid sinus reflex. In a few experiments, where the prepara- 
tion had been perfused for some hours, the local vasoconstrictor action 
of veritol was reversed and vasodilatation occurred, although adrenahne 
still produced vasoconstriction. In a few experiments in which the 
limb was perfused with Locke’s fluid, the same difference was observed. 
Adrenaline produced a vasoconstriction, but veritol produced a vaso- 
dilatation. The local vasoconstrictor action of veritol is therefore 
only produced in limbs in good condition and perfused with blood. 


4. VARions Actions. 

Experiments were carried out in vitro on isolated auricles and 
ventricles of the frog heart and on the gut of the cat, rat, and rabbit. 

In frog’s auricles and ventricles veritol in low concentration (10~^) 
caused increased contraction; in higher concentrations (10-*) decreased 
contraction. Adrenaline caused a small increase of amplitude at 
concentrations of 10-«, and a large increase at concentrations of 10-®. 
The gut in vitro proved to be very insensitive to veritol. Inhibition, 
however, w^as found in concentrations above 10-*. Adrenahne inhibited 
the gut at concentrations of 10"’ or less. .... 

An adrenahne-like effect of veritol was observed on the nictitating 
membrane. The contractions, however, lasted much longer than those 

Th^Sf^quahtative differences observed between the actions of 
OT-Hnl and of adrenahne were as follows: (a) In certain cats smaU 
Tses of adrenahne produced a fall of blood-pressure, but even in these 
] veritol produced a vasoconstrictor action only; (6) adrena- 

mdividuals J™. rtal vein pressure, whilst veritol rarely (once 

^°^^Tnimals) produces this effect; (c) adrenahne causes marked 
in 12 anim ; ^ ^^ses, only produces 

cardiac acceie , produce vasoconstriction in hmbs 

a shght increas , ( solution or in blood-perfused hmbs after pro- 

perfused witn adrenahne can produce vasoconstriction under 

longed perfusion, wliust aoic 

these conditions. 

SUMMAEV. 

f uinnd-nressure produced by veritol is due to two 

1. The rise of hi P increased volume output per 

factors: (a) (unlike adrenahne) causes only shght cardiac 

beat of the heart. ^ enio v 

acceleration. of veritol can be demonstrated 

2. The vasoconstriciui 
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easily on perfused limbs, pro\dded that blood is used for perfusion and 
the preparation is in good condition. 

3. Veritol sometimes causes a vasodilatation of central origin in 
perfused limbs. 

4. As regards the majorit}’- of its effects veritol resembles adrenaline, 
but its effects are of much longer duration. 

5. Doses of veritol as large as 20 mg./kg. did not produce any 
immediate toxic effects on anajsthetised cats. 

I wish to express m}’’ thanks to Professor A. J. Clark for his advice 
and help tliroughout' this investigation. I also wish to thank Mr. 
N. E. Condon for his advice in designing the stromuhr. 
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14 Foggie 

tosine may have in determining the type of acetylcholine response is of 
considerable interest. 

Methods. 

In aU experiments isolated lungs of the dog were perfused at constant 
volume inflow with blood obtained from the same animal. The blood 
was defibrinated and the lungs ventilated by rhythmical negative 
pressure variations apphed to their outer surface [Alcock, Berry and 
Daly, 1935]. Records were taken of the pulmonary arterial pressure 
(P.A.p.) and of the volume of the venous reservoir (V.R.). A rise in 
the V.R. tracing denotes an increase in venous outflow and a reduction 
in blood volume of the lung [Daly, 1928]. 


RESTJIiTS. 


The Effect ofAdren&line on the Acetylcholine {A.Ch.) Response . — In one 
experiment a slight pressor effect of a large dose of A.Ch. was converted 



Fig 1 —Dog, 18-5 kg. Isolated perfused lungs (I.P.L.). 
n =succesBive doses of A.Ch. 500 /,g. and 1-0 mg. 

6 = A.Ch. 1-0 mg. 

j s o amele iniection of ndrenahne 200 /ig. ivns given. 
Between a 6 pressure; T.A. =t.dal air; 

P-A.p. -P"™ leser^'oir volume record. 


„ ulnole iniection of adrenaline, and in 4 experiments 
to a depressor y ineffective or produced a slight faU in P.A.p. 

doses of A.Ch. wnicu . p a p after a single injection of adrenaline 

caused a well-marked fall m 

(fig- !)• 
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The effect of adrenaline on the A.Ch. response was tested in another 
way. In seven experiments a series of increasing doses of A.Ch. were 
injected and the P.A.p. response recorded. In some of these experi- 
ments eserine was added to the blood (fig. 2, A). In a further six 
experiments the same procedure was adopted whilst an adrenaline 
solution (6 jug./min. to 50 pg./min.) was being steadily infused into the 
circulation (fig. 2, B). It will be seen from this figure that in the 
adrenaiinised preparations the dilator effect of A.Ch. predominates, 
whereas in the preparations without adrenaline the response was 
variable. In some experiments single injections of adrenaline suppressed 
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Fig, 2. — Graph showing the effect of adrenaline infusions on the 
P.A.p. response to A.Ch. 


the pressor effect of A.Ch. These observations have not been included 
in the figure, since a gradual loss of sensitivity of the preparation might 
have been responsible for the phenomenon. 

These results are remarkable in that they are in apparent contra- 
diction to those of Dale and Narayana [1935] and of Ettinger and Hall 
[1936], who, working on the perfused lungs of the guinea-pig and 
rabbit, respectively, found that the constrictor action of A.Ch. was 
potentiated by adrenaline. They concluded that in all probability 
adrenaline exerted its effect by raising the tonus of the pulmonary 
blood-vessels, acetylcholine being most effective when the tonus is 
high. Dale and Narayana [1935], however, recognised that under 
suitable conditions an increased vessel tonus might promote an A.Ch. 
dilator response in the guinea-pig, and therefore further work is necessary 
before the discrepancy between the results reported here and those on 
the guinea-pig and rabbit can be attributed to a species variation alone. 
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The Effect of Ergotoxine on the Acetylcholine Response. — The rise in 
pulmonary arterial pressure produced by large doses of A.Ch. injected 
into the inflowing blood stream of isolated perfused lungs of the dog 
is suppressed or reversed by ergotoxine (flg. 3). In 3 experiments the 
administration of ergotoxine converted the rise to a fall, in one the 
rise was suppressed, and in another experiment in which the initial 
efiPect of A.Ch. was a fall in pressure, this response was not altered 
after ergotoxine. Moreover, a dose of A.Ch. ineffective on the P.A.p. 
may, after ergotoxine, become depressor (flg. 4). 

During an examination of A.Ch. effects in nicotinised preparations, 
Alcock, Berry and Daly [1935] observed that ergotoxine converted a 


well-marked A.Ch. pressor response to a slight depressor (flg. 3 of their 
paper). This appeared at the time to be so remarkable that no special 
comment was made. As a result of further investigations there seems 
no doubt that under suitable conditions ergotoxine suppresses partially 
or wholly, or reverses the A.Ch. pressor effect in fully nicotinised lung 
preparations. Out of seven experiments in such preparations, in which 
large doses of A.Ch. caused a pressor effect, ergotoxine caused partial 
suppression of the response in one, complete suppression in three, and 
a reversal in three (flg. 5). 

There can at the moment be no absolute certainty that the con- 
version by ergotoxine of an A.Ch. rise in P.A.p. to a fall is due to the 
conversion of a contraction response of smooth muscle fibres of the 
pulmonary vascular bed to one of relaxation, because as we know 
[Franklin, 1932] A.Ch. may exert a contraction of some of the lung 
blood-vessels and a relaxation of others, and thus ergotoxine may merely 
suppress the A.Ch. contractile response and leave unaltered those vessels 
which normally relax to A.Ch. In this event the A.Ch. faU in P.A.p. 
after ergotoxine would be due to the unmasking of the normal dilator 
action of A.Ch. on certain parts of the vascular bed. 

Alcock, Berry and Daly [1935] observed that A.Ch. injected into 
the nulmonary artery at high perfusion pressures tended to cause a 
QTTiaUer vasoconstriction or larger vasodilatation than a similar dose 
iniected at low perfusion pressures. They showed that this phenomenon 
due to a greater dilution of the A.Ch. with blood at high perfusion 
Tessures thaf at low, the smaller concentrations of A.Ch. tending to 
^ 1 dilatation the larger constriction. That a similar complication 

.S^rfoi to of A.Ch. effects by ergotoxine, rvhioh 

rff nroduT. a° ise in P.A.p.. is shone by figs 3 and 5. In these 
itself profile reversal by ergotoxine took place at the higher 

pSusS^preLure due to ergotoxine, and also at the pressure level prior 

to the SSa^atil [1926] reported that ergotamine exerts 

Finally. ^ choline esterase, and in this respect it should 

an inhibitory effect gmall doses of A.Ch. tend to lower 
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Fio. 3, — Dog, 18'0 kg. l.P.L. Non-osorinised preparation. Keversal 
of A.Ch. pressor effect by orgotoxino. 

a=A.Ch. 500 fig.; b=ergotoxine 3-0 mg.; c=A.Ch. 600 /ig.; i 

d!=puinp inflow diminished; e=A.Ch. 500 fig. 



Fio. 4.— Dog, 3-7 kg., 9. I.P.L. 

A =acetylcholme 5-0 ftg. 

B =acetylcholine 5-0 /ig. 

Between A and B ergotoxine ethane sulphonate 2‘0 mg. 
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tli6 P.A.p. and large doses to raise it, the action of ergotoxine on the 
esterase should tend to convert an A.Ch. fall in P.A.p. to a rise, or 



Fio. 6. — Dog, 7-9 kg. I.P.L. 

a and b =8uccessive doses of nicotine 5-0 mg. in O-T c.c. saline, 
c = 0'7 c.c. saline (control). 
d =acetyIcholine 50-0 ftg. 

c =ergotoxine 1-0 mg.: V.R. lever lowered at x . 
f = acetylcholine 50-0 /:g. in 0‘25 c.c. saline. 

5 r= output of pump reduced. 

h = acetylcholine SO-O ftg. in 0'25 c.c. saline. ' 

i=0-25 0 . 0 . saline (control). 

j =eserine l-O mg. (P.A.p. and V.R. levers raised). 
h =adrenBline 20-0 ftg. 

I =nicotine 5-0 mg. in 0-5 c.c. saline. 
m =0-5 c.c. saline (control). 

Time = 10 sec. 


potentiate a rise. The fact that the effect of ergotoxine on the P.A.p. 
response to A.Ch. is the reverse of this expectation is all the more 
significant. 

Summary. 


In isolated lungs of the dog under negative pressure ventilation and 
perfused at constant volume inflow vdth defibrinated blood, it has been 

found preparations adrenaline tends to suppress or 

reverse the rise in pulmonary arterial pressure produced by large doses 

of preparations, ergotoxine partially or wholly 

suppresses, or reverses the pulmonary arterial pressure rise produced 
by large doses of aeet 3 dcholine. 

I ^sh to express my thanks to Professor I. de Burgh Daly and to 
M- c Patherine 0. Hebb for helpful advice, and to the IMoray Endowment 
c ™ “rSr defraying part of the cosf of fh, research. 
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AN EXPERIMENTAL- ANALYSIS OE THE ACTION OF 
ADRENALINE AND HISTAMINE ON DIFFERENT 
PARTS OF THE PULMONARY VASCULAR BED. By 
I. DE Btjrgh Daly. P. Foqgie, and Catherine 0. Hebb.i 
Prom the Physiology Department, University of Edinburgh. 

. (Bcceivcd for publication, 21s( July 1939.) 


It has been shown in isolated lungs of the dog perfused at constant 
inflow volume with defibrinated blood and under negative pressure 
ventilation that adrenaline raises the pulmonary arterial pressure 
(P.A.p.) and causes a transient increase in venous outflow (V.O.). The 
precise conditions under which these changes occur, and the precautions 
which have to be taken to eliminate errors in the interpretation of the 
results have already been described [Alcock, Berry and Daly, 1935; 
Daly, 1938]. The adrenaline response described above takes place in 
the vast majority of lung preparations with doses from 2-0 /xg. to 
1-0 mg. injected into the stream of inflowing blood in the pulmonary 
artery tubing, but on occasions we have observed a rise in P.A.p. 
with a fall in V.O. with larger doses of adrenaline. 

The signiflcance to be attached to the adrenaline increase in P.A.p. 
and V.O. is the problem we propose to discuss with the aid of a descrip- 
tion of relevant experiments. The complexity of the problem has been 
stressed elsewhere [Daly, 1938], and it may be summarised by the 
statement that in lungs perfused at constant inflow volume the 
adrenaline rise in P.A.p. may be due to an increase in the resistance 
of the pulmonary arterioles, capillaries or venules, separately or together; 
whereas the transient V.O. augmentation leading to a diminution in 
blood volume of the lungs may also be due to constriction of the 
arterioles, capillaries or veins squeezing blood from the lungs, or to 
venous dilatation with consequent passive collapse of the capillaries 
and drainage of capillary blood into the veins. We have also attempted 
to determine the site of action of histamine on the pulmonary vascular 
bed. 

I. Simple Perfusion of the Pulmonary Circulation. 

Methods. 

In the experiments described in this section both lungs of the dog 
were perfused at constant volume inflow with defibrinated blood and 

^ Beit Memorial Fellow. 
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ventilated by extrapulmonary negative pressure variations. The 
venous outflow changes were measured by recording the volume altera- 
tions of blood in the venous reservoir; an upward movement of the 
lever in all V.O. tracings denotes an increasing blood outflow and a 
diminishing amount of blood in the lungs [Daly, 1928, 1938], The 
animals were bled to death from the femoral artery under local anass- 
thesia. The drugs used were crystalline adrenaline or adrenaline 
solution with chloretone (P. D. & Co.), histamine acid phosphate 
(B. D. H.), the dosage being expressed in terms of the base. In all 
experiments described in this section the injections were made into 
the pulmonary artery. 

Results. 

Adrenaline and Ergotoxine . — ^It has previously been shown [Daly and 
Euler, 1932; Gaddum and Holtz, 1933J that ergotoxine suppresses or 


P.A^ t*' Hfi - 

S - 






. I .ri/nii ' 





HMf Ilf ■tmtUMOUJI**'* 


/o 

^UUU^U^UUUf| 


ViG 1 — Dog, 16-0 kg. I.P.L. The effect of ergotoxine on the adrenaline 

outflow augmentation. Between a and b. ergotoxine ethane eulphonato 3-0 mg. 
P.A.p. =pulraonaiy arterial pressure. V.R. =venous reservoir volume. 

reverses the adrenaline P.A.p. rise in dogs. The a^enaline constricted 
vesSls may be arterioles, capillaries or veins. Hitherto no experi- 
Tental data has been available regarding the action of adrenaline on 
Te visels governing the V.O. m ergotoximsed lung preparations. In 
JS made on 20 such preparations, adrenahne produced the normal 
!ntflot rucrmentation in 2, no outflow response in 26, and a reduction 
outflow attorn suppression or reversal by ergotoxine of the 

morease ia in aU probability due to tha fact tuS 
adrenahne outfl alters an adrenahne constrictor response 

T r.‘ noSrof "e pntoonao' vascular bed to a dilate ,cc 
of some portion ^ assumption, since as far as we are aware 
This appears ergotoxine either suppresses or 
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converts an adrenaline dilatation of smootli muscle to an adrenaline 
constriction. If ve are so far correct, it follows that the usual V.O. 
augmentation observed in perfused isolated lungs is not due to venous 
dilatation releasing blood stored in the capillaries, but to constriction 
of the arterioles, capillaries or veins squeezing blood out of the lungs. 

That the vascular territory constricted by adrenaline and giving 
rise to a P.A.p. augmentation differs from that — also constricted by 
adrenaline — ^v'hich is responsible for the V.O. increase, is suggested by 
previous observations in this laboratory. It has been found that 
cocaine may potentiate the adrenaline effect on the P.A.p. but not that 
effect upon the V.O. [Daly, Eoggie and Ludany, 1937, see their fig. 1]. 
This we have confirmed. Moreover, adrenahne in small doses may 
cause a V.O. augmentation without producing any significant alteration 
in the P.A.p. [Alcock, Berry and Daly, 1935]. 

These considerations suggested to us that the simplest interpretation 
of the adrenaline P.A.p. and V.O. increases following the injection of 
small doses is a constriction of arterioles and venules, the former effect 
raising the P.A.p., the latter squeezing blood from the lungs (capacity 
effect). 

This conception of adrenaline activity in isolated perfused lungs 
does not take into account the possibility that the capillaries may play 
some part in determining the lung responses, and therefore we planned 
further experiments in the hope of settling this point and for the 
purpose of testing the truth of our speculations concerning the action 
of adrenaline on the arterioles and venules (see Section 11.). 

Histamine . — We have ascertained that the vascular response of the 
isolated lungs of the dog depends upon the previous history of the 
preparation and the mechanical conditions of perfusion. Since our 
experiments may throw some light upon the discrepancies in the 
literature regarding histamine action, we will describe them briefly. 

Alcock, Berry and Daly [1935] reported that histamine in all 
doses caused a transient reduction in venous outflow. During a further 
investigation we were unable to confirm this result, for histamine 
augmented just as frequently as it reduced the outflow. Moreover, 
small doses of histamine tended to augment the outflow, whereas the 
larger doses gave either an increase or decrease (fig. 2, Table I.). On 
searching for possible causes of this discrepancy we discovered two 
outstanding differences in the experimental procedure adopted by the 
two groups of investigators. In the earlier series the animals were 
bled to death under chloroform and ether anaesthesia, or under local 
anaesthesia; in the later series all the animals were bled to death 
under local anesthesia. Further, in the interval of time between the 
two series of experiments the perfusion apparatus was redesigned, 
but as far as could be judged the only significant alteration made 
was in the level of the venous reservoir in relation to the left auricle. 
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In the earlier series the blood pressure in the left auricle was lower 
than in the later series owing to the venous reservoir receiving the blood 
being at a lower level. It seemed therefore worth while to test whether 
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Fio. 2.— Dog, $, 12-0 kg. I.P.L. Effect of increasing doses of histamine on the 
venous outflotr. Three successive doses of histamme 10, 30, and 76 

Table J.— Effect of Histamiue on Isolated Perfused Lunos (Dog) pinrp.nvr. 

from ANIStALS BLED T7NDBR LoCAL AnasSTHESIA. .tareu 


Dose, 

f'g- 

- P.A.p. 

V.O. 

o 

+ 

o 

+ 

- 

0-5 to 10-0 

11-0 to 50-0 

51 and more 

7 

3 

3 

7 

12 

16 

4 

1 

4 

9 

4 

6 

1 

10 

8 


T.A. 


4 
2 

5 


10 

13 

13 


No. of 
tests. 


14 

15 
18 


1 effective dose on A. - - - 

PAD-S»onary arterial pressure; V.O.=venous outflow; 

+ =increased; - -decreased. 

a volatile anesthetic or the height of the left aunc^ar pressure had 
Ll inauenoe in determining the nature of the pulmonary vascular 

""'^rperfustd Pupation was made from an animal bled under local 
J in oTid histamine injected before and during ventilation ,vith 


T.A^ 


= 5-0 pg. 
= tidal 


air. 
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shows that the venous outflow following histamine injections tends to 
show a greater fall in lungs ventilated with an air-ether mixture than 


a 


Fig. 3. — Dog, <J, 13'6 kg. I.P.L. Effoct of histamino, 15-0 /(g, injected at o, 6, 
c, and d. a =berore other; b =aftor 10 min. of other inhalation; c =immodiately 
after ether removal; d =30 min. later. T.A. = tidal air. 



Fig. 4. Dog, 5, IS-O kg. I.P.L. Reduction in lung blood volume due to 
introduction of ether into closed air system. 

in. lungs ventilated with air alone. A second experiment confirmed 
t is result. It will be seen from fig. 4 that the effect of introducing 
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In the earlier series the blood pressure in the left auricle was lower 
than in the later series owing to the venous reservoir receiving the blood 
being at a lower level. It seemed therefore worth while to test whether 
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Fig 2. — Dog, $, 12-0 kg. I P.L. Effect of increasing doses of histamine on the 
■venous outflow. Three successive doses of histamine 10, 30, and 76 /ig. 

Tahle . /.—Effect of Histajune on Isolated Eekfused Lungs (Dog) peepabed 
fbom Animals bled undek Local AN.ff:sTHESiA. 


Dose, 

/'g- 

P Ap. 

V.O. 

t . a . 

No. of 
tests. 

0 

+ 

0 

+ 

- 

0 

- 

0 6 to 10 0 

7 

7 

4 

0 

1 

4 

10 

14 

11 0 to 50 0 

3 

12 

1 

4 

10 

2 

13 

15 

51 and more 

3 

16 

4 

6 

8 

5 

13 

18 


Tif.r„rT.nl effective dose on T.A. = I o /(g.; on =u-d /ig ; on V.O =5 0 uz 

^J^Lulmonary arterial pressure; V.O.=venous outflow; TA.=tidaf 
-f =mcreased; — =decreased. 

a volatile antesthetic or the height of the left auricular pressure had 
any influence in determining the nature of the pulmonary vascular 

’"^"Tperfierpr^pTration was made from an animal bled under local 
ametthesia and histamine injected before and during ventilation with 
arak-ether mixture, and again after ventilation with air alone, ^g. 3 


air. 
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eating bed of capillaries which drains into the pulmonary veins 
[Kiittner, 1878; Miller, 1937; Zuckerkandl, 1881, 1883]. It occurred 
to us that we might take advantage of this vascular arrangement for 
the admission of drugs to the arterial side alone, or to the venous side 
alone of the pulmonary vascular bed and thus be able to select the 
site of drug action. Let us consider the diagram shown in fig. 6 of 



ViG. 6. — ^Diagram to illustrate the route taken by drug solutions injected into 
the pulmonary vascular bed by way of the bronchial arteries of isolated lungs 
perfused in the normal and reverse direction. See text. 

the blood supply to a primary lobule which is a modification of that 
published by Miller [1937]. When the lungs are perfused through the 
pulmonary artery, without simultaneous perfusion of the bronchial 
circulation, the blood passes to the pulmonary arterioles, the alveolar 
capillaries and to the capillaries of the respiratory bronchioles, thence 
to the pulmonary veins. If a drug solution is injected into the bronchial 
artery, it should reach the capillaries of the bronchi as well as the respira- 
tory bronchiole capillaries and be carried by the perfusion blood stream 
into the pulmonary veins without having reached the pulmonary 
arterioles. Owing to a limited region of the visceral pleura at the lung 




26 Daly, Doggie, and Hebb 

ether into the intrapulmonary tidal air recorder space is to empty the 
lungs of blood. 

With regard to the effect of left auricular pressure on the histamine 
response: the pressure was raised by means of a screw-clip placed 
round the outflow rubber tubing. The clip was screwed up until 
the increased resistance to outflow caused an appreciable increase in 
lung blood volume. Injections of histamine at the higher auricular 



T— Doe ^ 13-5 kg. I.P-L- Effect of histamino 50 //g. injected at a, 6, and c ; 

o’and c at low venous pressure; b at high venous pressure. 


pressures tended to suppress the diminution in outflow which occurred 

at the lower pressures (fig. 5). , . , . 

It is interesting to note that the histamine diminution m venous 
outflow can be most readily demonstrated under the two conditions 
fa low pulmonary venous pressure and ether administration) which 
reduce the initial quantity of blood m the lungs We have not 
to determine the relative importance of these conditions 
the type of histamine outflow response, but we gain the 
£;3n tttibe « the don>i„e„t fector. 

V, r of the Lungs in the Normal and Reverse Direction 
^ SecUon of Drugs into the Pulmonary Circulation by 
Sy o?the Bronchial Arteries. 

The broncliial arteries supply the respiratory tree as far as the 
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tions injected with Indian ink froni the bronchial artery alone a few 
scattered injected areas were seen over the cnt surface of some of the 
lung lobes. Each covered only a few square millimetres and were 
streakily black, not uniformly black, in appearance. Some areas 
surrounded small bronchioles, but others appeared to bo in the paren- 
chyma. In one experiment Indian ink was observed in the superior 
azygos vein. 

Histological examination of two furtlier lung preparations in which 
bronchial arterial injections of carmine-gelatine and Indian ink solutions 
respectively were carried out at the end of perfusions lasting several 
hours gave us additional information. In the lungs injected with 
carmine-gelatine, the mixture was confined to the bronchial arteries, 
bronchial veins, pulmonary veins, and a few alveolar capillaries adjacent 
to the bronchioles; the remaining alveolar capillaries showed no trace 
of carmine-gelatine. If it can be assumed that the injection of drug 
solutions into the bronchial artery followed the same vascular route as 
that filled by the carmine-gelatine, then the drug action would be 
confined as anticipated to the limits marked out by the dotted arrows 
in fig. 6. In the lungs injected with Indian ink solution, the ink 
particles completely filled the bronchial arteries, the bronchial veins 
and some small pulmonary veins, as well as the capillaries belonging to 
a few of the alveoli adjacent to the respiratory bronchioles. These 
vessels appeared as solid black streaks. The vast majority of pulmonary 
capillaries contained no Indian inlc particles at all, but here and there 
isolated capillaries contained a few scattered particles. In a few 
sections small groups of adjacent alveoli stretching longitudinally across 
the field appeared well filled with Indian ink and serial sections showed 
that these were alveoli, adjacent to a respiratory bronchiole, Avhich 
had been sectioned in a plane parallel to but not including the respiratory 
bronchiole. Taking into account this experiment and the others already 
described, it is considered that under conditions of pulmonary perfusion 
the action of drug solutions injected into the bronchial artery will be 
confined for the most part, or in some experiments almost exclusively, 
to the vascular territory in the region of the respiratory tree and to 
those larger pulmonary vessels which drain it. 


Methods. 

In the majority of experiments the method used was similar to 
that described by Daly [1938] for perfusion of monkey’s lungs. All 
the experiments were performed on dogs bled to death from the femoral 
artery under local anesthesia. For perfusion of the lungs in the 
reverse direction the output of the pump was permanently connected 
to the cannula in the left auricle and the outflowing blood from the 
pulmonary artery collected in the reservoir, or, the rubber tubing 
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hilus being supplied by the bronchial artery [Mller, 1906, 1907], it is 
possible that a portion of the drug solution will reach the pleural 
veins which empty into the pulmonary veins. The route of the 
injected drug solution is shown by the dotted arrows. It should be 
stressed that the bronchial arteries are only being used as a channel for 
carrying the solution to the pulmonary venules and that they do not 
contain circulating blood. Although the bronchial arteries as weU as 
the pulmonary venules may be responsive to the drug injected, the 
pulmonary venule response alone will affect the P.A.p. because it is 
only these vessels, with Avhich perhaps should be included the relatively 
small number of capillaries on the venous side of the communicating 
bed, which contain circulating blood. Lilrewise, alterations in the 
outflow will be for the most part determined by the venules, although 
it is conceivable that if constriction of the bronchial arterioles and 
capillaries occurred, it might squeeze out sufficient blood into the 
pulmonary veins to cause a small increase in venous outflow. 

By perfusing the lungs in the reverse direction and injecting the 
drug solutions into the bronchial artery, it should be possible to 
confine the action of the drug almost exclusively to the pulmonary 
artery and arterioles. The route of the injected solution under these 
conditions is shown by the solid ectows (fig. 6). 

Injections of Indian ink solutions diluted with approximately an 
equal volume of saline either into the pulmonary arterial tubing or 
into the R. posterior bronchial artery during perfusion of the lungs 
gave us some indication of the correctness of these premises. In two 
experiments the Indian ink injected into the bronchial artery reached 
the cannula in the left auricle in a shorter time than when injected into 
the pulmonary arterial inflowing blood stream. In one of these the 
time taken for the Indian ink to pass from the pulmonary artery to 
the left auricle was 13 secs., and from bronchial artery to left auricle 
8-7 secs (mean of 3 observations). Following the injections into the 
Ti'ulmonary artery, the ink appeared in the left amicular cannula well 
^ '-v-ed with blood, but in the case of the bronchial arterial injections, 
T flks of ink were apparent in the blood in the cannula. Thus the 

fi.wav in the axial blood stream from bronchial artery to left auricle 
? wter than from pulmonary artery to left auricle, 
issnori-e experiments Indian ink was injected into the 

, \ -Vi «rterv only. In f^o of these the bronchial tubes of the right 

krone i deeply stained; in the other two experiments 

lung but no gtamed but to a lesser 

the , of the right lung. These results are in conformity 

extent than th Berry. Daly and Narayana [1936], who injected 

"VTltll tllOSG 01 ^ , , +l^o^ Tnf»Tn R. ■nrkof 1.. ^ , 


ir.Tinte gelatine mixtures into the mam R. posterior bronchial 
barium ^^ugequent radiographic studies found that in some 

artery, and from j.ojjjained uninjected. In all the lung prepara- 

experiments tne iJ. mi B 



Experimental Analysis of Action of Adrenaline and Histamine 31 

volume of fluid injected, and thus subsequent changes in the record 
due to the action of the drug were more easily detected. 

When drugs are injected into the pulmonary circulation by way of 
the bronchial artery the pulmonary venules rvill be the first vessels 
to be reached by the drug in lungs perfused in the normal direction, 
and the pulmonary arterioles will be the first reached during “reverse” 
perfusions. The initial responses of the inflow pressure and outflow 
volume will be due to the respective reactivity of these vascular 
territories, but if sufficient of the drug recirculates, a secondary series 
of responses may take place due to the passage of the drug from the 
pulmonary arteries to the capillaries and veins during normal perfusion, 
and from the pulmonary veins to the capillaries and arteries during 
“reverse” perfusion. In order to make certain that the responses 
obtained were due to the reactivity of the vessels immediately receiving 
the drug solutions, we used in some of our experiments a method to 
prevent recirculation effects. 

The usual single blood reservoir was replaced by two separate 
vessels (fig. 7, R, B'] in communication with each other by means of 
wide bore glass tubing (C.T.) dipping to the bottom of each reservoir 
and joined together by a short piece of wide bore rubber tubing at 
the point marked X to permit the application of a clamp outside the 
respiratory chamber for the purpose of separating the blood in the two 
reservoirs. Blood volume changes in the reservoirs were recorded in 
the usual manner by putting them in communication with a volume 
recorder. The pump finger stall (F.S.) and the valve chamber (V.) are 
shown in the figure, but the lungs and arrangements for keeping the 
blood at 37° 0., as well as the orientation of the apparatus with the 
respiratory chamber are omitted. These details may be obtained 
from an earlier paper [Daly, 1938], 

When testing the effect of drugs injected into the pulmonary 
circulation by way of the bronchial artery the following procedure was 
adopted. Simultaneously with a control saline injection, the com- 
municating tube (C.T.) was clamped. As a result it was found that no 
significant change occurred in the inflow pressure, but in nearly every 
case a change in level of the venous recorder lever took place, in part 
due to the volume of injected fluid and in part due to the separation 
of the reservoirs (fig. 8). The change in level due to separation of the 
reservoirs took place immediately the tube C.T. was clamped. Since 
a similar level change occurred when the lungs were replaced by a 
rubber bag, the cause was due to mechanical and not to physiological 
effects. In all probability it would have disappeared if the resistance 
of the communicating tube had been negligible ; that this tube possessed 
some resistance to the flow of Mood from R' to R was shown by the 
slightly lower blood level of R from which the pump drew blood as 
compared with that of R' which received the blood from the lungs. 
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carrying the blood to and from the lungs was arranged so that, by 
clamping off alternative channels, perfusion could be changed over 
from the normal to the reverse direction at will. 

For the introduction of solutions into the bronchial vascular system 
the main R. posterior bronchial artery or the parent intercostal artery 
was cannulated as described by Berry, Brailsford and Daly [1931]. 
Similar quantities of solution were injected at each test, and control 



A 

•? —A Arrangement of venous reservoir connexions to prevent recirculation 
no. ® effects of injected drugs. See text. 

R Diagram of needle with double head for the administration of drug 
solution and saline ‘*tvash-in” to be performed as one continuous injection. 


obne iniections made at intervals. The drug solution was injected 
Ivrinee into a long hypodermic needle, which passed through the 
Srv chamber to the bronchial arterial cannula. This injection 

■espiratory i^teiy up by a saline injection from a second 

yas then ^ the cannula free of the drug. This procedure 

.yringe ® ^ by fitting the hypodermic needle with a double 

vas greatly ia the two syringes The advantage of 

lead (fag- administration of the drug and the washing 

ibis method lay f formed as one continuous injection, so that 

in with saline ^ion of the volume recorder lever due to the 

there was only one eie 
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Having recognised the shift of the venous volume tracing on 
clamping the communicating tube — and its return to the initial level 
after release of the clamp— it only became necessary to perform such 
controls at intervals throughout the experiment and compare the 
responses obtained with those due to drug injections. In making the 
comparison of the V.R. tracings, attention should bo drawn to three 
points, namely: the difference from one tracing to another of (1) 
the levels of the upper peaks of the excursion, (2) the levels of the 
lower peaks, and (3) the change in mean level of the tracing subsequent 
to putting the reservoirs in communication. During occlusion of the 
communicating tube between H and R' the blood level in R fell and 
that in R' rose. The output of the pump and capacity of tlie reservoirs 
were such that 45-120 seconds were available for test before it was 
necessary to put the reservoirs once more into communication with 
one another and thus prevent complete emptying of R. 

Itesults. 

The action of drugs on the injlotv pressure and on volume outjloiv in 
isolated lungs perfused in the normal and the reverse direction. 

Adrenaline. — We confirmed the previous result from this laboratory 
[Alcock, Berry and Daly, 1935] that adrenaline injected into the 
pulmonary artery of isolated lungs (dog) perfused in the normal direc- 
tion with defibiinated blood almost invariably causes a rise in P.A.p. 
and a transient increase in V.O. (Table II. (1) and fig. 8, obs. 1). We 
found, somewhat to our astonishment, that adrenaline injected into 
the inflowing blood of lungs perfused in the reverse direction led to 
a raised inflow pressure — that is, a raised pulmonary venous pressure 
(P.V.p.) and also to a transient increase in the outflow from the pul- 
monary artery (Table II. (3) and fig. 8, obs. 4). Thus adrenaline 
augments the inflow pressure and the volume outflow whether perfusion 
is carried out in the normal or in the reverse direction. These effects 
occurred using either the single or separated reservoir method, and in 
preparations perfused throughout in the normal or in the reverse 
direction as well as in those arranged so that the direction of perfusion 
could be changed at will. Before attempting to interpret these results, 
we propose to discuss the effect of injecting adrenaline into the pul- 
monary vascular bed by way of the bronchial arteries. 

It was found that adrenaline introduced into the pulmonary vascular 
bed by the bronchial arteries augmented the inflow pressure and the 
volume outflow during both normal and reverse perfusions (Table II. 
(2), (4), figs. 9 and 10). Thus if we are correct in our assumption that 
adrenaline injected into the bronchial artery acts almost exclusively 
on the pulmonary venous vessels during normal perfusion, and almost 
exclusively on the pxilmonary arterial vessels during reverse perfusion, 
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1 

Control 

Saline. 


0 3 ^ ^ G 

^ ti- tr,nme Adrenaline Histamine Adrenaline Control 

drol ™ 25 /ig. 30 /'S- 35 /,g. Saline, 

ine. /'S' , . _ Reverse Perfusion. 

Normal erfus^o Arterial Injections. 

Fig. 9. 

O .1 o Reservoirs separated and injections made at bepnriiirg of signal ; 

Figs. Sand . at end of signal. A.R.=artenal reservoir; 

•servoirs put into ulmonarj’ venous pressure. 
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bronchial arterial injections of adrenaline during reverse perfusion is 
due to constriction of the pulmonary arterial tree. 

Returning now to the group of experiments in which the pulmonary 
vascular bed was perfused in the normal or reverse direction and 
adrenahne injected into tlie infloioing bloodstream, the rise in inflow 
pressure and the transient augmentation in outflow which occurred 
becomes more readily understood. These responses are presumably 
due in part to constriction of both arteries and veins raising the resist- 
ance to inflow and squeezing blood from the lungs — effects which 
occur equally well in whichever direction the lungs are perfused. 

Table II. shows that increases in inflow pressure and in outflow 
volume nearly always accompany one another Avhen adrenaline is 

Table II. — ^Effect of Adrenaline and Histamine Injections into the 
Bronchial and Pulmonary Arteries during Normal and Reverse 
Perfusion of Lungs. 


Adrenaline. 

(1) P.A. inj. N.d. 

(2) B.A. inj. N.d. 

(3) P.V. inj. R.d. 

(4) B.A. inj. R.d. 

Histamine. 

(6) P.A. inj. N.d. 

(6) B.A. inj. N.d. 

(7) P.V. inj. R.d. 

(8) B.A. inj. R.d. 


A.O. ==arterial outflow; B.A. =flronchial arterial; inj. = injection; N.d. = normal 
direction of perfusion; p. =pressure; P. A. =pulmonary arterial; P.V. =pul- 
raonary venous; R.d. = reverse perfusion; V.O. =venous outflow. 
0=0 change; += increased; —= decreased. 

injected into the pulmonary vessels either during normal or reverse 
perfusion. On the other hand the bronchial' arterial injections of 
adrenaline with perfusion in either direction appear less effective in 
raising the inflow pressure than in augmenting the outflow. We 
interpret this result as indicating that the larger arteries and veins of 
the pulmonary vascular bed which are chiefly influenced by bronchial 
arterial injections of adrenaline do not always constrict sufficiently to 
produce a resistance as well as a capacity effect. When, however, 
a enaline is injected into the pulmonary artery or veins, it reaches 


P.A.p. 

V.O. 

1 

A.O. 

No. of 
Obs. 

0 + - 

0 + - 

o + — 

0 + - 


0 30 1 

3 28 0 
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2 19 1 



22 

, . 


3 17 0 

0 20 0 

20 

• • 


4 3 1 

0 8 0 

8 

4 11 0 

4 11 0 



15 

5 0 0 

2 9 0 



11 

. . 

, . 

1 5 1 

4 3 0 

7 


• • 

2 3 0 

2 3 0 
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the rise in inflow pressure must be due chiefly to venous constriction in 
the former circumstances and to arterial constriction in the latter. 

In order to produce an adrenaline response of the pulmonary vascular bed 
by injections into the bronchial artery, somewhat large doses have to housed, 
due to the fact that only a portion of the dose reaches the lungs; dye injections 
showed that the remainder escapes into the oesophageal and other arterial 
vessels which freely anastomose with twigs of the bronchial artery at the root 
of the lungs. 

Further light is thrown upon the nature of these responses by the 
following considerations. Provided that all sizes of blood-vessels of 
the pulmonary venous tree — when acted upon exclusively by adrenahne 
injected into the bronchial arteries during normal perfusion — ^respond 



Control Adrenaline Adrenaline Control Adrenaline 

Saline. 50 pg. 500 fig. Saline. 50 /,g. 

Normal Perfusion. Reverse Perfusion. 

' All Bronchial Artorial Injections. 

Fig. 10. 


in a like manner, a venous constriction is the only type of response 
which will give a concomitant rise in inflow' pressure (resistance effect) 
and a transient augmentation in outflow (capacity effect); the latter 
affect being due to the squeezing of blood from the veins. It is clear 
+iifit the augmented outflow cannot be due to venous dilatation releasing 
uiand from the capillaries, for if this were the nature of the response, 
“ iow pressure would show, if anything, a faU. The capacity effect 
m belvnected to occur without a significant change in vessel 
when smaU doses of adrenaline, producing only a mild 
resistance are injected; whereas w'ith larger doses the 

venous constriction would be expected to superimpose a 

stronger ^ the capacity effect This order of events, 

resistance m example, has been observed on a number of 

of whic o- . hne of argument leads us to the conclusion that 
occasions, a s pressure and outflow volume produced bv 

the augmentation lu 
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shows that successive doses of 10 fig. and 1*0 mg. of adrenaline reduce 
the lung blood volume b}’' 10 and 30 c.c. respectively in a perfused 
preparation made from a dog of 22 kg. body weight. The total blood 
capacity of the arterial and venous vessels down to twigs of approxi- 
mately 200 fi would not greatly exceed 50 c.c. if the measurements 
made by Daly [1938] can be accepted. If constriction of the capillaries 
was not in any Avay responsible for the lung blood volume reduction, 
1"0 mg. of adrenaline must have diminished the volume of the arterial 
and venous vessels to 40 per cent, of the initial value, a not impossible 



Fio. 11. — Dog, (J, 22-0 kg. Iso- 
lated lungs perfused in the normal 
direction, a =adrenaline, 10 //g.; 
b = adrenaline, 1-0 mg. Both in- 
jections made into the inflowing 
hlood-stream. 


Fig. 12. — Dog, 14-0 kg. 

Isolated lungs perfused in the 
reverse direction. o=adrona- 
line, 50 /ig.; 6 =adrenalin 0 , 
250|ig. Both injections made 
into the inflowing blood- 
stream. Time =30 secs. 


quantitative effect but an unlikely one in view of the relatively small 
rise in P.A.p. It could be argued that adrenaline caused venous 
dilatation and released blood from the capillaries, but the experiments 
reported in a previous section of this paper lend no support to this 
view. 

We have attempted to tackle the problem in another manner. It 
is well known that static expansion of the lungs by a negative pressure 
applied to their outer surface increases the blood volume of the lungs 
at any rate in part — ^by dilatation of the capillaries. If therefore the 
adrenaline responses of the P.A.p. and V.O. in collapsed lungs were 
quantitatively similar to those in expanded lungs, it would be reason- 
able to assume that the capillaries play no part in the production of the 
responses. Pig. 13 illustrates what we have found in several experi- 
ments, namely, that lung expansion not only lessens the effect of 
adrenaline in augmenting the venous outflow but also diminishes its 
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not onty the larger vessels but those of smaU calibre 
"'it-Taf constriction. 

bronchti 

bronchial and pulmonary circulations in tbe^rpa' common to both 
bronchioles. Although Ms common '“Piratory 

small, it is possible that the adrenaline inflnxr ^ 
augmentation due to bronehiauS.” rn^cIiorSTy r^LTp:;! 
due to responsiveness of these capillaries Tf +1, ^ ^ , 

outflow Changes indicate that capiUary constriction’of thifamTcauTes 
a resistance increase and capacitv diminit+irara + 1 , 1 

effect of similar changes in the arteries and vein’s inZve^!l!,TnoJ!S 

outflow due to constriction of the arSe" and vel ' 

We are ■well avare that an obiection tr. ra,,,. i „ 

action on the pulmonary vascular bed can be esis of adrenaline 

a constriction of the blood-vessels governing tlie^^ e score that 

to a diminished venous outflow dufto canflla^l e 
vdth very large doses of adrenaline, should preponX^^^^^^ ■"'Web, 
augmented outflow caused by the “capacity” effLt ?he Sv S 
our experience of a diminished venous outflow reisnri lariry m 
large doses of adrenaline are injected into lungs perfu^STn 
direction, suggested that the capillaries might be fully dilat^f normal 
preparations, an idea which was not rendered less sien'fi 
experimental records which revealed that the larger doL^ 
were always injected towards the termination of the ex e 
order to test the validity of this supposition, large doses^oP^^^^' 
were injected into the inflowing blood-stream of lungs fre , ^“^®“^bne 
in the normal or in the reverse directions. In the former^ ^ Perfused 
we obtained no definite evidence that a diminished outflo^v^^^^^*^°”^ 
likely to occur with the larger adrenaline doses (up to i-n" 
with the smaUer (fig. 11). On the other hand, in reverse 
experiments the larger doses in one experiment tended to dim’ • 
outflow (fig. 12), a result which suggests that the vessels gover^^^^ ^i 
outflow in reverse perfusion preparations, i.e. the arteries and art • 1 ^ 
are capable of a stronger constriction than those governing the 
during normal perfusions, i.e. the veins and venules. outflow 

Adrenaline and Pulmonary Capillary Fespowse.— Although all 
results can be explained on the assumption that adrenaline constV^f 
both arterial and venous vessels in the lungs, we have on ocPf,? 
obtained such a large transient outflow augmentation and reduatT'' 
in lun<r blood volume following adrenaline injections during no/rl”'? 
perflton th.t it teems vnlikely th.t the arteri.I .„d ve„„i »> 
alone could by constriction squeeze out the quantity measured. Fig. j J 
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excursion on the venous reservoir volume tracing in all probability 
means that the capillaries and/or veins resist expansion to negative 
pressui’c, therefore one or both of these territories constrict to adrenaline. 
If the respiratory excursions are due to variations in the volume of 
capillary blood, and the capillaries are not constricted by adrenaline, 
then the diminished respiratory excursion following adrenaline injec- 
tions must be due to constriction of the veins because the total 
blood volume of the lungs is reduced. If, on the other hand, the capil- 
laries constrict to adrenaline, this alone will account for the diminution 
in respiratory excursion. It might be argued, however, that the 
diminished respiratory excursion of the venous reservoir tracing 
following adrenaline injections is caused by a maximal dilatation of 
the veins or capillaries, and that collapse of the lungs cannot lead to 
collapse of the capillaries or veins because they are held in the dilated 
position. In this event either the veins must dilate wliilst the capil- 
laries constrict, or the veins constrict whilst the capillaries dilate; 
both cannot dilate because the diminished respiratory excursion is 
accompanied by a reduction in the total blood volume of the lungs. 
This means that if adrenaline causes active capillary dilatation, a 
concomitant venous constriction must squeeze out more blood from 
the lungs than the capillaries take up. Conversely, if adrenaline 
dilates the veins, the capillaries must actively constrict or passively 
collapse, letting out more blood than the veins take up. Now, if the 
capillaries passively collapse because of a diminished venous resistance, 
the respiratory excursions would increase owing to the greater potential 
range of capillary calibre change, and thus, if venous dilatation is 
associated with diminished excursions of the venous reservoir tracing, 
active capillary constriction must take place. It seems that from all 
viewpoints the diminished respiratory excursion can only mean that 
adrenaline constricts either capillaries or veins or both. 

The. Latent Period of the Inflow Pressure and Outflow Responses . — ^It 
might be expected that a knowledge of the time of onset of the inflow 
pressure and outflow changes following drug injections might help in 
determining their site of action in the pulmonary vascular bed. When 
adrenaline or histamine solutions are injected into the inflowing 
pulmonary blood-stream or into the bronchial arteries during normal 
or reverse perfusion, careful measurements reveal that the inflow 
pressure response generally precedes by 2—10 secs, or occurs 
simultaneously with the outflow augmentation; less frequently the 
outflow change occurs first. This statement refers to lung preparations 
perfused with blood at 100-150 c.c./min. Larger perfusion flows than 
these render the measurement of the total latent period (from injection 
to first appearance of the response) uncertain. If the inflow pressure 
or the outflow change occurs alone, then the total latent period is 
approximately the same as when both responses are present. From 
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pressor action. When comparing the efiFects of a drug on the lungs 
in the collapsed and expanded condition it must be borne in mind that 
the blood volume of the lungs is greater when the lungs are expanded, 
and therefore the final dilution of the drug reaching the tissues will be 
greater when injections are made into the pulmonary artery of expanded 
lungs. In some experiments, in order to counteract this effect, we 
introduced the adrenahne into venous reservoirs of the perfusion 
circulation, taking precautions to keep the reservoir blood volume 
constant [Alcock, Berry and Daly, 1935]. In this way the concentra- 



_ ,g ^ 16. 0 kg. Isolated lungs perfused in the normal direction. 

« nTid‘c=e5ect of adrenaline, 20 /(g. on collapsed lungs; 6 =ndrenaline, 20 /(g. on 
lungs kept expanded by a negative pressure applied to their outer surface. 


Time =30 secs. 


ton of adrenaline in the blood entering the lungs, whether coUapsed or 
^ rl d was the same. Since this modification did not materially 
^ff^ct the result it is concluded that adrenaline constricts those pul- 
mnnarv blood-vessels which negative pressure expansion dilates— 
1 Pther these are capillaries alone or arterioles and venules in addition, 
+n sav In this connexion we have found that the local 
of adrialine to the visceral pleura blanches the lung 
appiicay however, may be interpreted as being due to 

surface, or’ capillary constriction, for in all probability the 

Sour of the lung is determined by the blood content of aU three types 

of blood-vessd. Vesviratory Excursions on the Venous Reservoir 

The in the figures that when adrenaline has 

Tracing.— ^ excursions of the venous reservoir tracing, 

any action on fh®.^;;P“7^^^iontion. The familiar to and fro osciuf: 
it is in the , venous outflow tubing of perfused lungs under 

tions of blood m ^ due to the greater blood capacity of 

negative pulmonary veins of the lungs when expanded, 

the capiUaries and e- P ^ ^ diminished to and 

The intrapulmonary adrenaline injections, reflected as a smaller 
fro oscillation, following 
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Histamine . — Iniections of histamine into tlie pulmonary circulation 
during forward or reverse perfusion augment the inflow pressure and 
the outflow (Table II.); in one experiment histamine caused a slight 
fall in inflow x^ressure during reverse perfusion. The bronchial arterial 
injections of histamine also augment both the inflow pressure and the 
outflow during normal and reverse perfusions. Eigs. 9 and 14 show 
that these two responses may occur independently of one another. 
These results accord with the view that histamine does on occasion 
constrict the pulmonary arteries and veins. The dependence of the 
histamine outflow response upon experimental conditions which we 



Control Histamine Control Histamine 

Saline. 26 fig. Saline, 30 fig. 

Normal Perfusion. Beverse Perfusion. 

All Bronchial Arterial Injections. 

Pig. 14. — Dog. Effect of histamine injected into the pulmonary vascular 
bed by way of the bronchial arteries. 


have not been able to determine (pp. 23-26) precludes any definite 
statement as to the action of histamine on the pulmonary vascular 
bed as a whole, and no doubt largely depends upon the existence of 
capillary tone. 

Discussion and Conclusions. 

It has been shown that adrenaline injected into the inflowing blood- 
stream of lungs perfused in the normal or reverse direction augments 
both the inflow pressure and volume outflow. The resulting diminution 
in lung blood volume may amount to as much as 30 c.c. in large dogs, 
and this represents approximately 60 per cent, of the blood in the lung 
arteries and veins, or 20 per cent, of the total volume of blood in the 
lungs [Daly, 1938], This release of lung blood by adrenaline in lungs 
perfused at constant volume inflow may be due to arterial, venous or 
capillary constriction squeezing blood from the lungs or to venous 
dilatation releasing blood from the capillaries. 

The experiments on lungs perfused in the normal and reverse 
direction with injections of adrenaline made into the bronchial arteries 
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the examination of a large number of such responses we conclude that 
their total latent periods can give no certain indication as to the site 
of action of the drug. This conclusion has been reached firstly because 
the periods show great variability in any given experiment, and 
secondly because we consider it probable that the total latent periods 
not only depend upon the distance of the reactive blood-vessels from 
the point of injection but also upon the latent period of the response 
of the vessel itself. 

The foregoing remarks relate to a comparison of the latent period 
of the inflow pressure with that of the volume outflow response. With 


Table III. — Action of Adrenaline in Normal and Reverse 
Perfusions or the Lung. 


Adrenaline 

Dose, 

m- 





Latent period (sec.). 


IN.p. 

O.R. 



Perfusion 

mm.HoO. 

c.c. 

IN.p. 

O.R. 

direction. 

+ 3-0 

+ 4-9 

5-0 

4-5 

R 

+ 4-5 

+ 4-9 

2-7 

2-5 

N 

+ 2-6 

+ 3*6 

5-0 

5-0 

R 

+ 3-5 

+ 2-6 

2-5 

4-0 

N 

+ 2-25 

+ 5-5 

2-6 

2-5 

N 

0-00 

+ 2-0 


60 

R 

+ 2-5 

+ 4-6 

4-7 

60 

R 

+ 2-5 

+ 4-6 

3-0 

4-0 

N 

+ 3-0 

+ 6-0 

4-0 

3-5 

R 

+ 30 

+ 4-6 

2-0 

2-5 

N 

+ 2-5 

+ 1-6 

1-5 

2-0 

N 

+ 1-5 

+ 1-0 

4-5 

4-0 

R 


-NT-Tionnal- R ^reverse airecwoii ui pmiusiun; J-L^.p. = inflow pressure; 
xw — iiu ^ ^outflow reservoir volume change. 

uard to these latent periods in lungs perfused alternately in the normal 
reverse directions we observed that both were longer in reverse 
fu "n normal perfusions (Table III.). One explanation of this result 
■ Lf he that if the capacity of the pulmonary venous system were 
+lmn that of the pulmonary arterial, the dilution by the blood 
a LTne iniected during reverse perfusion would be greater than 
of adrenaun J and the vascular response correspondingly 

during norma P j^as been found, however, that the capacitv 

less rapid j3 if anything, slightly the smaUer [Daly, 1938], 

of the venous sy station fails. At the present time we are 
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Stimmary. 

In isolated dog’s lungs under negative pressure ventilation and 
perfused at constant volume inflow with defibrinated blood — 

1. The increase in pulmonary arterial pressure and the augmentation 
in venous outflow produced by adrenaline are suppressed or reversed 
by ergotoxine. 

2. Evidence is produced wlxich favours the view that the blood- 
vessels responsible for the adrenaline rise in pulmonary pressure differ 
from those which cause the increase in venous outflow. 

3. Histamine in small doses tends to increase and in large doses 
to diminish the venous outflow. The venous outfloAv response to 
histamine is also determined by other experimental conditions; 
the presence of ether in the lungs and a low venous pressure favour a 
histamine diminution in outflow. 

Experiments have been reported which suggest that, by injection of 
drugs into the pulmonary vascular bed by way of the bronchial arteries, 
it is possible to confine the site of drug action chiefly or almost ex- 
clusively to the pulmonary veins in lungs perfused in the normal 
direction, and in all probability chiefly or almost exclusively to the 
pulmonary arteries in lungs perfused in the reverse direction. Using 
this method, results have been obtained which indicate that adrenaline 
in small doses constricts both pulmonary arteries and veins, and in 
large doses probably constricts the pulmonary capillaries. 

The authors express their thanks to the Government Grants Com- 
mittee of the Royal Society for a grant to one of them (I. de B. D.) 
and to the Lewis Cameron Research Eund which defrayed the cost of 
animals. 
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indicate that both arteries and veins constrict to adrenaline, increasing 
their resistance and squeezing out the blood within the vessels. With 
the exception of a vasodilator response to the first dose of adrenaline 
which occurs on rare occasions [see also Schlesinger, 1931, and Alcock, 
Berry and Daly, 1935], we have obtained no evidence that adrenahne 
exerts any constant vascular action on dog’s lungs perfused with 
defibrinated blood other than constriction, and we are forced therefore 
to the conclusion that large doses of adrenaline in these prepara- 
tions cause constriction of all parts of the pulmonary vascular bed, 
including the capillaries, and that small doses cause arterial and venous 
constriction only. 

The rare occurrence of adrenaline vasodilatation in freshly perfused 
lungs of the dog and of Macacus rhesus [Daly, 1938] assumes greater 
importance in the light of recent work by Petrovskaia [1939]. She 
has shown in this laboratory that in the perfused lungs of the pig a fall 
in P.A.p. is the usual response to adrenaline in the early stages of 
perfusion, but if the injections are continued the response becomes 
diphasic and finally pressor. After ergotoxine, adrenaline once more 
causes a fall in P.A.p. Thus the depressor action of adrenaline lasts 
longer in isolated lung preparations of the pig than in those of the dog 
or of Macacxis rhesus. How far this difference is due to the longer 
maintenance of tone in the pig’s pulmonary vessel as compared noth 
the other animal species, or to conditions governing the modification 
of adrenaline by enzymatic activity, must at the moment be a matter 


of speculation. 

Our results are in agreement with those of other workers who have 
found that adrenaline almost invariably causes vasoconstriction in 
isolated perfused lungs of the dog or when acting upon isolated pul- 
monary artery preparations [Wiggers, 1921; Daly, 1933]; moreover, 
the location of adrenaline action on the pulmonary veins is in general 
harmony with the results of Drankhn [1932], This investigator found 
that adrenaline usually contracts the extrapulmonary veins, and gives 
verv small responses, or none at aU, of the intrapulmonary veins, the 
taxations balancing in number the contractions. Gaddum and 
W Itz 11933] in some of their experiments perfused dog’s lungs at 
font inflow volume, and in 5 out of 10 experiments observed a rise 
A -n and a V 0. augmentation; under these circumstances the 
' w f nn the volume of the lung was inevitably a fall. They expressed 
eiiectonT- ^j^ether the outflow increase was due to dilatation 

no ^eins letting the blood flow out, or constriction of the 

of the pulmon y interpretation of their results based on 

capiUanes torcx g possibly 



OBSERVATIONS RELATING TO CARDIAC HYPERTROPHY IN 
THE RABBIT: ITS PRODUCTION BY ARTERIO-VENOUS 
ANASTOMOSIS. By Alak N. Dktjry ^ and K. J. R. Wight- 
MAN,= Prom the Department of Pathology, University of 
Cambridge. 

{Received for publication 4th August 1039.) 

In any investigation concerning the physiology or pathology of hyper- 
trophied cardiac muscle,® it is essential that the characteristics of the 
hypertrophy which can be produced bj’- various experimental procedures 
should be known in some detail. 

Hypertrophy of the heart can be produced experimentally by 
creating various defects in the circulatory system. It has been produced, 
for instance, by aortic stenosis and regurgitation [Rosenbach, 1878 ], and 
by stenosis of the pulmonary artery [Reid, 1924 ; Holman and Beck, 1926 ]. 
It is said by some to develop after removal of the buffer nerves [Koch, 
Mes, and Nordman, 1927 ; ICremer, Wright, and Scharff, 1924 ; Boyd 
and McCuUagh, 1938 ]. Arterio-venous anastomosis has also been shown 
to lead to cardiac enlargement [Holman, 1924 ]. Of the experimental 
methods available the anastomosis of an artery such as the carotid into 
the jugular vein would appear to be the most convenient. The initial 
operation can be made without opening the chest and a dilated hyper- 
trophied heart obtained. At any moment the anastomosis can be 
readily closed by a subsequent simple operation, when the dilatation 
would presumably quickly disappear and the hypertrophy remain, at 
any rate for a time. There is, however, some doubt as to the degree of 
hypertrophy which can be obtained by this method. Shipley, Shipley, 
and Wearn [ 1937 ], using the rabbit, obtained the same degree of hyper- 
trophy in two animals as they did with the other methods they employed, 
such as aortic regurgitation and pulmonary stenosis. Hermann [ 1928 ], 
using dogs, thought that a relatively high grade of cardiac hypertrophy 
could be produced by carotid jugular anastomosis and that there is a 
relatively greater right ventricular hypertrophy. Holman [ 1937 ] comes 
to the conclusion that the cardiac hypertrophy in dogs in the presence 
of large fistulse is only slight or moderate, and that the great enlargement 

] Working on behalf of the Medical Research Council. 

- Mickle Research Fellow, University of Toronto. 

* The criterion for cardiac hypertrophy adopted in this paper is an increase in 
the weight of the heart to the carcase weight of the animal. 
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ligated distal to the opening, an “end to end” anastomosis being 
formed. The operation was performed under nembutal ansesthesia 
with aseptic precautions. Young animals of both sexes of 1700-2000 g. 
have been used throughout, and have been obtained from a variety of 
breeds through ordinary commercial sources. 

If the operation is successful, a continuous murmur is heard over the 
wound and in a day or so a palpable thrill develops. Within a few days 
closure of the anastomosis by compression leads to a definite slowing of 
the heart [Holman, 1937]. A low-pitched continuous murmur, definite 
thrill, and considerable slowing of the heart upon compression of the 
anastomosis is generally associated with a large leak. A murmur having 
a high-pitch quality is heard when a small leak is present. The animal 
appears to suffer no inconvenience from the leak,^ recovers from the 
operation quickly, eats well and steadily gains weight. As time goes 
on the dilated vein can be readily felt beneath the skin. With a “side 
to side” anastomosis the eye on the operated side exhibits exopthalmos, 
and appears congested. Later this condition becomes accentuated and 
the eye continuously weeps. In addition, at the end of about three 
months the respirations of the animal become slow and embarrassed. 
Both these effects appear to be due to the high venous pressure in the 
distal veins on the operated side, for they disappear completely when 
the anastomosis is removed. In order to avoid these symptoms the 
“end to end” anastomosis was made. In such circumstances the 
animal does not appear abnormal in any way. 

The animals were kept for three months. As this stage under 
urethane anesthesia observations were made upon the arterial and 
venous pressures; the heart was washed out and fixed in siUi, and the 
size of the leak estimated. 

Method of Fixing Hearts. 

The animal was anesthetised with urethane and ether, and under artificial 
respiration the sternum was split and the heart exposed. A cannula connected 
to a saline perfusion bottle with a pressure of 30-40 cm. of water was tied 
into the tip of auricular appendage. In a few experiments a long cannula 
was inserted with the external jugular vein, so that the opening lay at the 
junction of the superior vena cava with the right auricle. After ligating the 
descending aorta and inferior vena cava, the left carotid artery was sectioned, 
and warm sahne allowed to run into the right auricle till the heart was free 
irom blood. Formol saline was then injected and the heart fixed in a dilated 
condition. The heart was then removed by cutting the large vessels close to 
eir attachment to the heart, and was placed in formol saline for 24 hours 
ana alter this in water for 12 hours. The heart was then trimmed in the 
0 owmg manner. The pericardial reflection from the back of the left auricle 


j senes of 52 animals in which a leak has been established, two have 
f V milure with oedema or ascites. All animals were fed upon a mixture 

and H cl°ver hay daily, -with green food once a week [Mitchell 
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of hearts seen is due mainly to dilatation. In the face of these different 
opinions it seemed desirable to determine more accurately the character 
of the hj'pertrophy u^hicli is produced by arterio-venous anastomosis, 
using a larger number of animals than has hitherto been reported upon. 
It vas decided to use the rabbit, as it has a relatively constant heart 
weight to carcase weight ratio, and is easy to handle and to keep for long 
periods of time under standard conditions. The cat was not used, for 
although the heart weight to carcase weight ratio is relatively constant, 
it is difficult to handle and keep in good condition in large numbers. 
The dog was decided against, owing to the considerable difference in 
the heart weight to carcase weight ratio of the different breeds. There 
is evidence to suggest that the degree of the hypertrophy produced 
depends not only on the size of the leak between the artery and the vein, 
but also upon its position relative to the heart, anastomoses near the 
heart leading to a greater degree of hj'pertrophy. As a high degree of 
hypertrophy was desired, it was decided to anastomose the right carotid 
artery to the right external jugular vein in the neck. The observations 
reported in this paper detail the character of the hypertrophy which is 
produced in the rabbit’s heart when these two vessels are anastomosed. 
At the same time certain information regarding the size of the leak and 
the arterial and venous pressures is included. 


Operative Procedure. 

In the beginning the carotid artery was intubated into the jugular 
vein, the opening of the cut artery inside the vein pointing towards the 
heart. The method is very simple from the operative point of view 
and gives good initial leaks, but it is valueless for chronic experiments 
owing to the fact, observed by other workers, that the cut end of the 
artery closes naturally in about 5-19 days in a high percentage of 

animals and the leak in consequence is closed. 

The method which urns then chosen was to join the artery and vein 
bv a side to side anastomosis. The operative procedure adopted was 
• ilar to that already reported by other workers [Holman, 1937], a 
t of about 1 centimetre being made in the two vessels. Owing to the 
nil size of the artery the sewing is best performed udth dissecting 
nnlars' very fine curved needles and the finest silk being used. 

Pthod does not produce leaks which remain patent in aU animals, 
Z t -tb nractice a very high percentage of successes can be rehed upon, 
but wirn p carotid artery was tied distal to the anastomosis. 

^ ^ DC that the pressure in the carotid sinus on the operated side 
Thi^s Ganges as the leak develops, or subsequently if the 

undergoes n on some occasions left open 

anastomosis IS anastomosis being produced which has been 

throughout Its o occasions the vein was 

termed ‘ side to sine 
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n;^)lie appearance of a dilated Jienrt. TJio pericardium contains the 


. 'nial amount of fluid and there is no hydrotliorax. Tliere is no 
undue amount of fluid in the abdomen and all tJie viscera appear 
normal. 

In 41 animals in -which the oj)eration was j)erformed the leak was 
never established or sealed up within a very few days. These were 
used as a control series and were kept for three months before the various 
heart weights were obtained. The distribution of the various heart 
weight to carcase weight ratio met with in this series is shown in fig. 1. 



Fig. 1. Distribution of heart weight x 100 to carcase weight ratios in (1) control rabbits, 
ana (z) those in which the anastomosis had been patent for three months. 


In 37 animals the ratio fell within a range extending from -22 to -34 
with a peak at -28 to -30. Four animals had higher values. They were 
animals in which, for some reason unknown, the weight definitely fell 
before they were killed. They exemplify the well-known fact that the 
heart does not immediately lose weight if the body weight falls. For 
this reason they have been discarded, and only animals have been 
reported upon in this paper in which the weight either was steadily 
increasing or was constant. 


plotted of 29 animals in which the 
leak had been patent for three mouths. The ratios found are consider- 
a y greater than in the control series. If the average of the controls 
series is taken at -29, it will be seen that the increase in heart weight is 
01 the order of 60 p.c. to 100 p.c. or more. 

In fig. 2, A the ratios of the auricular weight x 1000 to carcase weight 
^90 series. In the controls, the ratios vary from 

+ -u + j 1 - ^ peak of -29, while in those with a leak it is dis- 

ri u e etween -45 and -112. From this figure it is seen that increases 
auncu ar weights of as much as 300 p.c. may be encountered, but that 
IS more frequently beriveen 100 p.c. and 200 p.c. 

voL^x.l 1 ^ 0 considerable increase in auricular weight, the 

1940 . ^ 
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and the great vessels ■with its contained fat 'was removed, care being taken 
to avoid removing part of the membranous ■wall of the auricle itself. The 
vessels entering the auricle ■were cut off flush ■with the wall. The ab'rta and 
pulmonary artery were separated and cut off about the site of the semilunar 
valves. Adherent fluid was then removed by squeezing the heart in a sponge 
cloth, and the heart weighed. The auricles were next dissected off ■ivith 
scissors following ’the auriculo-ventricular sulcus around the heart, and 
separating them from the great vessels. They were then detached by dividing 
the intra-auricular septum at its junction ■^mth the intra-ventricular septiun, 
rough dried and weighed. The two ventricles were also rough dried and 
weighed. The ventricular mass was then sliced horizontaUj’’ into three pieces, 
each containing a piece of each ventricle. The outer wall of the right ventricle 
was cut awaj' in each slice at its junctions with the septum and left ventricle. 
The piece containing the vessels was cut by separating the aorta and pulmonary 
artery and finding a line of cleavage extending a short way down the septum; 
the right ventricular wall being then separated off so as to include the opening 
of the pulmonary artery intact. The slices which comprise the left ventricle 
and septum and the right ventricular wall were then rough dried and weighed. 
In small Aearts such as the rabbit’s the division of the septum into right and 
left portions is difficult, and in view of the data of Hasenfeld and Romberg 
[1897] for normal and hjqjertrophied rabbits’ hearts, and of Herman [1926] 
for the dog’s heart obtained by the method of ventricular separation, one-third 
of the weight of the right ventricle was added to its observed weight and an 
equal amount subtracted from the left ventricle, to obtain corrected values 
for the two ventricles. From these weights the left ventricular to right 
ventricular ratio was calculated. In addition, the weight of each auricle was 
determined b 3 '' cutting the right and left auricle awaj’^ from the inter-aurioular 
septum and weighing these three portions separately. One-half of the weight 
of the septum was added to each auricular weight and the final values taken 
as the weights of the right and left auricle. This enabled the ratio of the 
left to right auricular weight to be determined, and bj' adding the weights to 
those of the left and right ventricles respectively, the ratio of the weight of 
the left side to the right side of the heart. 

As the heart weight related more closety to carcase weight than to body 
weight, o'wing to the considerable and variable weight of the gut, the animal 
was weighed just before gi^ving the anaesthetic, and at the end of the experiment 
the stomach and intestines were removed and weighed. This weight was 
subtracted from the weight of the whole animal and the carcase weight thus 
obtained. 

BeST7LTS. 


In an animal in which the anastomosis has been patent for three 
•nths the arterio-venous anastomosis exhibits the usual changes 
™bich have been frequently reported [Holman, 1937], The artery is 
an + 0(1 freouently almost back to the aorta, and may reach a diameter 
sf ^ or more. The vein is very dilated, extreme dUatation extend- 
“side to side” anastomosis about 2-3 cm. distally to the anasto- 
mgintne entrance of the vein into the thoracic cavity, 

mosis and c anastomosis the vein central to the anastomosis is 

In the ^ change in the superior vena cava has been 

extremely dua ^ j^^nrt appears to be enlarged, and 



Observations relating to Cardiac Hypertropiiy in tlie Babbit 51 

weight ratios are usually associated with low left heart to right ratio, 
indicating a relatively greater hypertrophy on the right side, but this 
is not invariably found. 

The results tabulated are from animals of both sexes and of body 
weights varying from 2000— 2C00 g. at death in which the leak has been 
patent for three months. Hypertrophy of such a degree and character 
is, however, produced well before this time, for it has been found in 
several animals which have been killed 4 weeks after the operation. 

□ Control 



1‘4 1-5 be 17 1-8 1-9 20 Zl ZZ 2-3 2-4 2-5 2-6 27 2-8 
Weight oF left ventricle and auricle combind 
Weight of right auricle and ventricle combined 

Fig. 3. — ^Distribution of left ventricular to right ventricular weight ratios in 

(1) control rabbits, and (2) those in ivhich the anastomosis had been patent for 

three months. 

No difference in the degree of character of the hypertrophy could be 
detected in the two sexes, or whether the anastomosis was of the “side 
to side” or “end to end” variety. 

In conclusion, it can be stated that if an anterio -venous anastomosis 
is estabhshed between the carotid artery and jugular vein, the heart 
hypertrophies, on occasions, doubling its weight. The hypertrophy is 
of such an order that the auricles may weigh three to four times, but 
the ventricles rarely exceed twice, the average normal weights. The 
hypertrophy affects all chambers, but there is a tendency for the right 
to develop a relatively greater hypertrophy than the left heart. 

Histological Findings. 

As no special methods were adopted to prevent shrinkage due to 
the fixative, no attempt was made to measure the size of the fibres. 
This has been done by Shipley, Shipley, and Wearn [1936]. Ordinary 
histological examination showed that in the hypertrophied auricles 
an increase in the fibre diameter could be readily appreciated. The 
myofibrils in the hypertrophied fibres appeared to be coarse and 
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ratio of the combined A’^entricular weights x 100 to the carcase weight 
is plotted in fig. 2, B. The range of the controls is from -18 to '32, while in 
those with leaks it is from '34 to -52, so that the increase in ventricular 
weight is usually beWeen 50 p.c. and 100 p.c. The degree of hyper- 
trophy brought about by the leak tends to be relatively greater in the 
auricle than in the ventricles. 

The ratio of the left auricular w'eight to the right auricular weight in 
the control series was extremely variable. In some animals both the 



I'M. 2 .— Distribution of (A) auricular weight x 1000 to carcase weight, and (B) 
ventricular weight x 100 to carcase weight of (1) control rabbits, and (2) those in 
which the anastomosis had been patent for three months. 


auricles had much the same weight, in others the left auricles weighed 
twice as much as the right, the majority lying between these extremes. 
In the animals with anastomoses this relationship appeared to he 
generally maintained, both auricles taking an equal share in the 

^The ratio of weights of the left auricle and ventricle combined 
with that of the right auricle and ventricle of both series are plotted 
. 3 The result indicates that, through and through, the hyper- 

Jwnnhv is relatively a little greater in the right side of the heart than 
the left, but that a considerable number of hearts have a ratio which 
■ wpII -ndthin the normal limits. The hypertrophy, therefore, is not 
Jfined to one side of the heart but in the main is general, with a 
‘"i Mit tendency for a relatively ^eater hypertrophy in the right side. 
Sthese ratios are compared with their respective heart weight to 
e weigW ratios, the hearts with the higher heart weight to carcase 
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is not a strict one. This may be due to the different biological response 
of the hearts in the different animals. It may equally be that the 
method used in estimating the leaks does not give a real measure of 
the ch’culator^’- defect imposed upon the animal. 

Venous Pkessukes. 

At the final oj^eration, the venous pressure relative to the level 
of the great veins in the chest was measured by connecting a saline 



0 cm. pressure. 


manometer to cannula inserted into different veins and into the right 
auricular appendage. The pressure in the veins leading to the superior 
vena cava, such as the external jugular on the unoperated side, was 
always raised above normal; the level depending upon the position 
at which the pressure was taken relative to the leak. 

The pressure in the veins leading to the inferior vena cava was 
measured in the right iliac vein, which was approached through a small 
abdominal incision. As the animal is tied out on its back this pressure 
is determined in part by the weight of the intestines; but the values 
plotted in fig. 5 show that the control series have lower values than 
those with anastomoses, but that the values of the two series overlap 
considerably. Moreover, the highest values were not associated with 
the greatest leaks or with the largest heart weight to carcase weight 
ratios. 

The pressures in the right auricle were measured in the artificially 
respired animal. The heart was exposed by splitting the sternum and 
the cannula tied into the tip of the right auricular appendix. This 
procedure can be carried out without loss of blood or disturbance of 
the heart beat. 
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discrete, being arranged at the peripiiery and leaving a central clear 
area of sarcoplasm. The interstitial tissue showed no change from 
the normal. 

In the ventricles an increase in fibre diameter could only be 
appreciated in those hearts in which the hypertrophy was considerable. 
The interstitial tissue appeared perfectly normal. 


Relation op Size of Leak to Degree of Hypertrophy. 

Method. 

After the animal had been killed, a large cannula, pointing distally, v**® 
tied into the aorta close to the heart. TJiis was connected to a bottle containing 
water at a pressure of 100 mm. of Hg. All arteries were ligated except the 
carotid leading to the anastomosis, and the inferior vena cava was cut across 
at its junction with the right auricle. Water was then allowed to flow from 
the bottle through the anastomosis and out from the cut inferior vena cava, 
and the amount flovdng in a given time noted. Though this gives no idea of 
the amount of blood passing tlirougli the leak during life, it enables a com- 
parative estimate of the size of the leaks to be made. 


Results. 


In fig. 4 the relationship between the size of the leak and the heart 
weight to carcase weight ratio is given. It appears from this figure 



leaK in 


CCS per minute (see text; 


Fio. 4.- 


Relation of size of leak to to carcase ratio in rabbits in 

which the anastomosis had been patent for three months. 


u ^ looks UP to 100 c.c. per mm. have no effect upon the heart. 

• onnseouence aU animals having leaks below 100 c.c. have been 
and m e q figures. Above this, as the size of the leak 

^“iea^s tte hypertrophy tends to become greater, but the relationship 
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This phenomenon vas noted by Lewis and Drury [1923] in a clinical 
case of arterio-venous aneurysm. It has been seen in every animal 
in which the closure of the anastomosis has led to a fall in auricular 
pressure; the rise in peripheral venous pressure therefore occurs with 
a fall in auricular pressure. The mechanism underlying this reaction 
has not been fully worked out, but it seems probable that it is due 
to a redistribution of blood to the lower part of the animal owing to 
the closure of the anastomosis. 


AniEBiAii Pressure. 

Using the method described by Grant and Rothschild [1934], the 
systolic blood-pressure has been measured in the central artery of the 
ear. It has been consistently observed that immediately after operation 
the systolic blood-pressure is lower than normal but that it quickly 
returns to the preoperative level, and is there maintained. 

At the final operation, the mean arterial pressure in the right iliac 
artery was obtained with a mercury manometer, and using a Wiggers 
capsule the systolic and diastolic pressures were measured in the same 
vessel (see Table). The mean pressure varied considerably from animal 
to animal, and upon closing the anastomosis always rose, the rise 
amounting to about 15-30 mm. Hg. The systolic and diastolic 
pressures also showed considerable variation from animal to animal. 
Upon closing the anastomosis there was either a slight or negligible 
rise in systolic pressure and a definite rise in diastolic pressure, the 
pulse pressure being always reduced. The difference between the 
pulse pressure with the anastomosis closed and open is about 10-15 mm. 
Hg. Into this change the rate of the heart does not enter, for in 
the animal ansesthetised with urethane no change in heart rate occurs 
when the anastomosis is closed. 


Discussion. 

It is evident from these observations that a high degree of auricular 
hypertrophy and a considerable degree of ventricular hypertrophy is 
produced in the rabbit’s heart when the carotid artery is anastomosed 
into the jugular vein. The most likely cause for this hypertrophy is a 
greater cardiac output owing to the increased input due to the raised 
auricular pressure consequent upon the leak. Actual measurements of 
the auricular pressure in animals with such anastomoses provide many 
instances, however, of normal auricular pressures though, through and 
tlrrough, these pressures are raised. It is true that these measurements 
have been taken on one occasion only, with the chest open and under 
artificial respiration. The animals, however, judged by the arterial 
pressures, were in good condition, and the measurements from the iliac 
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The auricular pressures in the two series which are tabulated in 
fig. 5 have similar characteristics to those obtained from the iliac 
vein. In general the values obtained from animals with leaks are 
higher than in the control series, but values outside the limits observed 
in the control series are infrequently seen. No relationship could be 
found between the size of the leak and the auricular pressure. On the 
other hand, the levels of the auricular pressures and of the iliac veins 
agreed closely, higher values in the former being found with higher 
values in the latter. 

If the anastomosis is closed the pressure in the right auricle falls 
abruptly. This fall rarely amounts to more than 1-0 cm. of water, 
and is usually about 0-5-0-7 cm. of water. It is roughly related to the 
size of the leak, the greatest falls being observed with the largest leaks 
(see Table). It may be considered as representing the potential rise in 
auricular pressure w'hich is imposed by the leak. The actual level of 
the auricular pressure may be determined not only by this potential 
rise but also by the ability of the heart to deal with and pass on the 
greater input. 


Heart 

weight 

xlOO 

to 

carcase 

weight 

ratio. 

Mean arterial 
pressure. 

Pulse pressure 
(mm. Hg). 

Right auricular 
pressure (cm. MO). 

Leak 

C.O. 

per 

minute. 

A.V.A. 

Differ- 

ence. 

A.V.A. 

Differ- 

ence. 

A.V.A. 

Differ- 

ence. 

Open. 

Closed. 

Open. 

Closed. 

Open. 

Closed. 

•29 ' 

112 

112 

0 

50 

50 

0 

2-5 

2-5 

0 

11 

•28 

90 

98 

8 

39 

33 

6 

2-5 

2-3 

0-2 

50 

•42 

95 

108 

13 

46 

36 

10 

3-5 

30 

0-5 

240 

•43 

70 

84 

14 

40 

30 

10 

30 

20 

1-0 

310 

•59 

105 

135 

30 

107 

82 

25 

3-3 

2-2 

1-1 

380 

•43 

65 

78 

13 

53 

43 

10 

2-3 

1-6 

0-7 

440 

■55 

80 

105 

25 

91 

76 

15 

3-9 

2-9 

1-0 

476 

•66 

76 

106 

30 

76 

t>5 

11 

2-6 

1-3 

1-2 

616 


The pressure in the veins leading to the superior vena cava falls 
Quickly and steadily if the anastomosis is shut off, and returns equally 
abruptly to its original value if the anastomosis is reopened. 

On the other hand, the pressure iu the right iliac vein immediately 
w'hen the anastomosis is shut off. The rise usually amounts to 
0-5 cm. of water, and has been found to persist for as long as 
1 r^inutes. During this time, however, m some animals it tends to 
f n +n its orimnal value, but upon opening the anastomosis an addi- 
? fall equal to the rise seen on closing the leak, occurs; the pressure 
then pSr returns to its originel ruluo. 
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This phenomenon was noted by Lewis and Drury [1923] in a clinical 
case of arterio-venous aneurysm. It has been seen in every animal 
in which the closure of the anastomosis has led to a fall in auricular 
pressure; the rise in peripheral venous pressure therefore occurs with 
a fall in auricular pressure. The mechanism underlying this reaction 
has not been fully worked out, but it seems probable that it is due 
to a redistribution of blood to the lower part of the animal owing to 
the closure of the anastomosis. 


Aeterial Pressure. 

Using the method described by Grant and Rothschild [1934], the 
systolic blood-pressure has been measured in tlie central artery of the 
ear. It has been consistently observed that immediately after operation 
the systolic blood-pressure is lower than normal but that it quickly 
returns to the preoperative level, and is there maintained. 

At the final operation, the mean arterial pressure in the right iliac 
artery was obtained noth a mercury manometer, and using a Wiggers 
capsule the systolic and diastolic pressures were measured in the same 
vessel (see Table). The mean pressure varied considerably from animal 
to animal, and upon closing the anastomosis always rose, the rise 
amounting to about 15-30 mm. Hg. The systolic and diastolic 
pressures also showed considerable variation from animal to animal. 
Upon closing the anastomosis there was either a sbght or negligible 
rise in systolic pressure and a definite rise in diastolic pressure, the 
pulse pressure being always reduced. The difierence between the 
pulse pressure with the anastomosis closed and open is about 10-15 mm. 
Hg. Into this change the rate of the heart does not enter, for in 
the animal anasthetised with urethane no change in heart rate occurs 
when the anastomosis is closed. 


Discussion. 

It is evident from these observations that a high degree of auricular 
hypertrophy and a considerable degree of ventricular hypertrophy is 
produced in the rabbit’s heart when the carotid artery is anastomosed 
into the jugular vein. The most likely cause for this hypertrophy is a 
greater cardiac output owing to the increased input due to the raised 
auricular pressure consequent upon the leak. Actual measurements of 
the auricular pressure in animals with such anastomoses provide many 
instances, however, of normal auricular pressures though, through and 
through, these pressures are raised. It is true that these measurements 
have been taken on one occasion only, with the chest open and under 
artificial respiration. The animals, however, judged by the arterial 
pressures, w^ere in good condition, and the measurements from the ihac 
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vein, which were made in the intact animal at tlie same time, support 


in general the findings in the riglit auricle. In all animals the right 
auricular pressure fell when the anastomosis was closed if the leak was 
sufficient!}’’ large. This indicates tliat a rise in auricular pressure is 
occasioned by the leak. It is a more pertinent measurement than that 
of the actual level of the auricular pressure, for this may well be deter- 
mined, not only by the potential rise due to the leak but also to the 
capacity of the heart to handle and pass on the increased input. A 
rough relation only existed between this potential rise and the degree of 
hyirertrophy, but this may be ascribed to different biological reactions 
of the hearts to the increased output, for no attempt has as yet been 
made to limit this variability by the use of litter mates from the same 
breed or stock. No actual evidence has been presented that the output 
of the heart is increased, but it has been reported in dogs [Holman, 1937] 
with moderately large fistulm, and it may be considered to be present in 
the rabbits herein reported. The present observations give no informa- 
tion whether the other reason suggested as a cause of enlargement, 
namely, impaired nutrition due to the low mean or diastolic blood- 
pressure [Lewis and Drury, 1923], has played a part. In all the animals 
a simultaneous rise of auricular pressure and fall of mean or diastolic 
pressure has occurred upon opening the anastomosis. It has been 
impossible to dissociate the relative importance of these two changes. 

If it is true that the increased output of the heart is the main reason 


for the hypertrophy observed, then the experiments indicate that to 
maintain this increased output the right ventricle has to hypertrophy 
a little, but only a little, more than the left ventricle. The auricles, 
however, show a considerable degree of hypertrophy. 

It is clear that studies of the peripheral venous pressures give little 
or no information, for many animals in which closure of the anastomosis 
produces a definite chanp in auricular pressure, normal values have 
been found in the iliac vein. Moreover, if the anastomosis is closed the 
peripheral venous pressure rises when it is known that the auricular 
"oressure has fallen. 

^ Tinally, very different degrees of hj^pertrophy have been encountered, 
rl it has not been possible as yet to relate the degree of hypertrophy 
any one of the different factors examined. 


Summary 


O U lu i . 

m, octn-mosis of the right carotid artery into the external jugular 
The time to cardiac hypertrophy and dilatation, 

vein leads wirn wpertrophy is considerable, the weights being on 

In the auri ^ the normal auricle. Both auricles share 

occasions four times 

equally^n h}Terlrophy is not so great, the weights seldom 



Observations relating to Cardiac H 3 ^ 2 ’ertropliy in the Rabbit 57 

being greater than twice the normal. The right ventricle shows a 
slightl}^ greater hypertrophj’^ than the left. 

The change of pressure in the right auricle upon closing the anasto- 
mosis indicates that the input into the heart is increased. 

When the anastomosis is closed, the venous pressure in the veins 
leading to the superior vena cava falls, but rises in those leading to the 
inferior vena cava. 

I vdsh to express mj’’ thanks to Dr. T. D. Day and Miss G. Plaut 
for their help in the histological study of the hearts. 
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OBSERVATIONS RELATING TO CARDIAC HYPERTROPHY 
IN THE RABBIT: THE REFRACTORY PERIOD OF 
HYPERTROPHIED VENTRICULAR ItfUSCLE. By Alan 
N. Deuey.^ From the Department of Pathology, University 
of Cambridge. 

{Received for publication 4th August 1939.) 


In a previous paper [Drury, 193G] observations have been reported 
relating to the “effective refractory period,” ‘‘full recovery time,” and 
“premature response interval” of ventricular muscle when responding 
to a series of rhjd/hmic stimuli. It was indicated in that paper that 
the “effective refractory period” (that is, the earliest moment at which 
an impulse can be liberated after its predecessor which will be con- 
ducted through the muscle) may not necessarily have the same value 
as the absolute refractory period, for conditions were cited in which 
there was evidence that very early responses of the muscle may fail 
to be transmitted. From the point of view of the beat of the heart, 
which depends upon the spread of the response, the “effective refractory 
period” as a measurement has greater reality- This measurement can 
be used comparatively, for no account is taken of the rate at which 
the earliest responses travel, so that the known errors which vitiate 
comparative measurements of conduction rates do not enter in. There 
is a practical difficulty in measuring this period. Immediately after 
the “effective refractory period” has terminated the excitability of 
the muscle is considerably depressed, and it is essential that the testing 
shocks used should be strong enough to excite the depressed muscle. 
Although the strength of the testing shocks can be used well above 
the threshold value, it is impossible to be certain that every testing 
shock has the same value owng to short circuiting with blood, etc., 
and variations in the measurements may be introduced by this means. 

For this reason it was stressed [Drury, 1936] that the “full recovery 
time” was a much safer measurement to use. The responses to the 
earliest effective shocks travel slowly to the recording contacts, but 
as the shocks become less premature this delay decreases till it reaches 
a constant value. The time-interval betAveen the rhythmic shock and 
the testing shock at which this constant value first occurs is called 

1 Working on behalf of the Medical Besearch Council. 
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the “full recovery time.” It is a measurement which is made at a 
time when excitability has returned almost, if not completelj^ to 
normal, and the error due to the strength of the testing shock is thus 
avoided. It can be used as a comparative measurement, as no account 
is taken of the actual rate of conduction. Such measurements should 
therefore be more constant from animal to animal than the “effective 
refractory period,” and the results published in that paper showed 
this to be the case. 

In addition, this delaj’- or “lag” of the early responses, which pro- 
gressively decreases as the testing shocks become less premature, is 
such that the interval between the rhj'thmic responses and the premature 
responses has a relatively constant value, “premature response interval.” 
This is true until the interval between the rhythmic shock and the 
testing shock becomes greater than the “full recovery time,” v^hen 
the interval between the responses steadily lengthens. This “premature 
response interval” has a value very similar to that of the “full 
recover}’^ time” and provides a very useful check upon the latter 
measurement. It was finally demonstrated that the “full recovery 
time” and the “premature response interval” were related to the 
“effective refractory period.” They changed in the same direction 
as the “effective refractory period” when that period was altered by 
rate of beating or drugs. 

An arbitrary formula was given which allowed the measurements 
at different rates of rhythmic beating to be compared, the result being 
expressed as the “final value.” This is necessary, because the duration 
of the “effective refractory period” depends upon the rate of rhythmic 
stimulation. 

1 ull recovery time 

Tinal inter-rhythmic interval -0-11 

__ - 


In a series of normal animals the final value was close to unity, whereas 
if the heart was poisoned by drugs the value definitely changed. From 
the observations reported in that paper it would appear that the three 
rneasurements, the “effective refractory period,” the “full recovery 
” and the “premature response interval,” taken in conjunction 
u verv safe estimate to be made of the state of ventricular muscle 
aUow a y refractory period” is concerned. If the “final 

as iar as gej-ies of rabbits is close to unity, it may be safely con- 

TTd Siat the ventricular muscle is normal as far as the “effective 
refectory period” is concerned. 

Methods. 

were anffisthetised with urethane or nembutal and 
The rabbits artificial respiration the sternum was split 

ether if necessary. Unuer 
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and the heart exposed. The pericardium overlying tlie central portion 
of the right ventricle was cut awaj'-and the fish-hook electrodes embedded 
in the musculature of this region. In other respects the methods used 
to obtain the required measurements were similar to those already 
described [Drury, 1936], a modified Ld. II. being used. The rectal 
temperature of the animal u^as taken on all occasions and varied 
hetAveen 36-5°-37-5° C. The animal Avas then killed and the heart 
fixed and Aveighed [Drury and Wightman, 1939]. 

The hypertrophy of the heart Avas produced by anastomosing the 
right carotid artery to the right external jugular vein. The animals 
were kept for three months. The result of this procedure upon the 
weight of the heart has been fully described [Drury and Wightman, 
1939]. 

Measurements of the “effective refractory period” AA^ere made in 
four different series of animals. The first series Avas composed of 
animals in which the anastomosis Avas never established, or Avas closed 
very soon after operation and serAmd as controls. In the second, 
the leak had been patent for three months, and the hearts Avere dilated 
and hypertrophied. In the third, the arterio-venous anastomosis Avas 
closed after being patent for three months, and sufficient time was 
allowed for the dilatation, but not the hypertrophy, to disappear. 
In the fourth series a similar procedure Avas adopted, but sufficient 
time allowed for both the dilatation and the hypertrophy to disappear. 


Results. 

1. Control Hearts . — Although the measurements from a small 
series of normal rabbits have been already reported [Drury, 1936], 
they have been repeated as these animals had been subjected to 
operative procedure and a slight alteration made in the method 
of stimulation. In Table I, A, the measurements from 10 such rabbits 
are shown. The average of the final value of this series is 1-04 
Avith extremes of 0'09-0-14. In general the measurements do not 
differ from those aheady reported [Drury, 1936, Table VII.]. In 
the same table the ratios of the ventricular Aveight x 100 to the carcase 
weight of the animal, and of the left ventricular weight to the right 
ventricular weight, are given. In an extensive investigation of rabbits 
in which the anastomosis quickly closed, it was found that the ratio 
of the ventricular weight x 100 to the carcase weight varied from 0-18 to 
0-32, Avhile that of the left ventricular to right ventricular Aveight was 
from 1-9 to 2-8 [Drury and Wightman, 1939]. The hearts tested therefore 
include examples of high and low ventricular to carcase weight ratios 
and of high and low L.V./R.V. ratios. 

2. Hypertrophied and Dilated Hearts . — In Table I. B, the measure- 
ments obtained from hypertrophied and dilated hearts brought about by 
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Table I. — ^EFFECTI^’E Refhactory Period, Full Recovery Time, and 
Premature Response Interval of Right Ventricular BIuscle. 


Ratio of Ratio of 
ventricular left 
weight ventricular 
X 100 to to right 
carcase ventricular 
weight. weight. 


Inter- 

Effective 

Pull 

Premature 


rliythmic 

refractorj’- 

recovery 

response 
inten’nl 
in secs. 

Final 

interval 
in secs. 

period 
in secs. 

time 
in secs. 

value. 


Average 0-15 


I 0-15 1 



B. Hypertrophied and Dilated Hearts. 


I 1-04 (From Table VII. [Drurj-, 
1936].) 


Average | 


Average | 


C. Hypertrophied Hearts. 


TTviRTS -WHICH HAVE RETURNED TO I^HMAL ATTER HAVING BEEN 
Hypertrophied and Dilated. 


Average 
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the anastomosis which had been patent for three months, together Avitli 
the corresponding data of the various heart ratios, are given. In this 
series the average of the “final value” is 1-04, with extremes of 1-03 and 
1-16. When the actual measurements in this series are compared with 
the control series at the same rate of rhythmic beating, no difference 
can be detected in the measurements, when it is appreciated that the 
error in the method may amount to 0-01 of a second in the various 
measurements taken. The measurements in the slightly enlarged 
hearts are similar to those found in hearts double the usual size. In 
some of the hearts there is evidence that the right ventricle had a 
greater degree of hypertrophy than the left ventricle. The measure- 
ments were made on the right ventricle. It can be safely concluded 
that cardiac hypertrophy and dilatation is not associated Avith any 
changes in the measurements. 

3. Hyperirophied Hearts. — In the same table (Table I. C) the measure- 
ments from four animals are included in which the anastomosis, after 
being patent for three months, was closed some days before the measure- 
ments were made. During this period there was a very definite decrease 
in the area of the X-ray shadow of the heart, indicating that the 
dilatation had become much less, if it had not disappeared completely. 
At the same time the heart weight to carcase weight ratios show that 
hypertrophy is still present. In these animals also there is no indication 
of any change in the measurements. 

4. Hearts which have shown Hypertrophy and Dilatation but which 
have returned to their normal size after removal of the Arterio-venous 
Anastomosis. — In this series (Table I. D) the anastomosis, after being 
patent for three months, was closed some weeks before the measure- 
ments were made. The X-ray shadow of the hearts obtained just 
prior to the closure was of the same order as that seen in the second 
series, so that a similar degree of hypertrophy and dilatation had been 
reached at this stage. At the time the measurements were made the 
X-ray shadow was within normal limits, so that no dilatation was 
present. The ratios of the ventricular weights to the carcase weights 
are all within, but on the upper side of, the normal limits. 


' Discussion. 

The evidence put forward in this paper shows that the “effective 
refractory period” of hypertrophied and dilated ventricular muscle 
experimentally produced does not differ from that found in normal 
muscle. The results in human hearts showing dilatation and hyper- 
trophy indicate also that there is no change from the normal in the 
refractory period. The refractory period and ventricular systole 
terminates just before the end of the final deflection T of the electro- 
cardiogram, and the Q-T interval gives a measure of the refractory 



64 Obsei’vations relating to Cardiac Hypertrophy in the Rabbit 

period [Herman and Wilson, 1926]. As the Q-T interval in cases 
with considerable enlargement of the heart is witliin normal limits 
[White and Mudd, 1929], it may be said that cardiac enlargement in 
clinical subjects is not associated with an increase in the refractory 
period. 

In the series of rabbits in which arterio-venous anastomoses have 
been made, cardiac failure with oedema and ascites has been occasionally 
observed. The human hypertrophied heart is prone to failure, so 
that there appears to be a similar functional disability in both the 
human and the experimentally produced hy^pertrophied hearts. The 
human hypertrophied heart, moreover, fails quickly if the rate of 
beating is maintained at a high rate. It has been suggested that the 
failure is due to the fact that the period of rest between the beats is 
insufficient for the fuU recovery of the muscle [Harrison, 1935]. The 
results reported indicate that the changes necessary for the return of 
the responsive state take place as quickly in hypertrophied as they do 
in normal muscle. The disability which leads to failure envisaged in 
this hypothesis must concern a different set of recovery processes which 
are not reflected in the duration of the “effective refractory period.” 

Summary. 

The “effective refractory period” of ventricular muscle which is 
(1) hypertrophied and dilated, (2) hypertrophied, (3) has returned to 
normal after being hypertrophied and dilated, is within normal hmits. 

I wish to express my thanks to Mr. J. A. F. Pozzard, of the Depart- 
ment of Anatomy, for carrying out the X-ray work. 
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LIBERATION OE ACETYLCHOLINE EROM THE PEREUSED 
CAT’S BRAIN. By A. L. Chute,i W. Eeldberg, and D. H. 
SsiYTH. Erom the Depai’tment of Physiology, Pharmacology, 
and Biochemistry, University College, London, and the Depart- 
ment of Physiology, Cambridge. 

{Received for publication 15th September 1939.) 

The experiments described in tliis paper were undertaken in order to 
find whether a liberation of acetylcholine from the living brain could 
be demonstrated. Much evidence has accumulated indicating that this 
substance is the chemical transmitter across synapses in sympathetic 
ganglia, and the possibility that it plays a similar role in the central 
nervous system has been frequently discussed. The various central 
effects produced by acetylcholine and eserine, the presence of the 
former substance and of choline esterase in the central nervous system, 
and the property of this tissue to synthesise acetylcholine, have been 
quoted in support of this hypothesis. Nachmansohn [ 1939 ] has found 
not only a strong concentration of choline esterase in the grey matter, 
but also that the enzyme appeared at the stage of development at 
which the synapses begin to function. Synthesis of acetylcholine 
has been found to occur in tissue slices and in a suspension of cells 
and cell debris from brain [Quastl et al., 1936 ; Mann et al., 1938 ; 
Trethewie, 1938 ]. 

Experiments to study the liberation of acetylcholine from the 
central nervous system have given equivocal results. Dikshit [ 1934 ] 
found in cats that the cerebro-spinal fluid collected during central 
vagus stimulation sometimes contained more acetylcholine than the 
fluid collected before stimulation. Eeldberg and Schriever [ 1936 ] 
were unable to confirm these findings. Negative results were also 
obtained by Adam et al. [ 1938 ], who perfused the ventricular system 
of the dog’s brain with eserinised Locke solution and stimulated the 
vagus, other sensory nerves, different parts of the brain, and the spinal 
cord. According, however, to Chang et al. [ 1937 , 1938 a, b), acetyl- 
choline does appear during central vagus stimulation in the venous 
blood from the isolated dog’s and cat’s head vivi-perfused by a second 
eserinised animal. In later experiments on dogs, Chang et al. [1938 c] 

* Beit Memorial Research Fellow. 
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succeeded in demonstrating the appearance of acetylcholine, or its 
increase, in the cerebro-spinal fluid during central vagus stimulation 
when the eserine had not only been given intravenously, as in the 
experiments of Teldberg and Schriever, but also intraspinaUy. Strong 
faradic stimulation of the isolated spinal cord of rabbits [hCnz, 1936] 
and of the brain-cord preparation of toads [Li, 1939] was also found 
to be associated until the appearance in the surrounding bath fluid 
of a substance resembling acetylcholine. According to Li, a constant 
current passing through such a preparation had no effect of this kind. 

In the present experiments the effect of KCl in liberating acetyl- 
choline from the perfused cat’s brain was studied. In addition some 
observations on the spontaneous liberation of acetylchohne were made. 
KCl has central excitator 3 ’^ effects in small doses and paralysing effects 
in larger ones [Bonnet and Bremer, 1937]; it has been shown to hberate 
acetjdcholine from various organs supplied by cholinergic nerves 
[Beznak, 1934; Brown and Peldberg, 1936; Feldberg and Guimarais, 
1936], and even from tissue slices or a suspension of cells or cell debris 
obtained from the brain of rats and guinea-pigs [Mann et ah, 1939]. 
In so far as concerns the liberation of acetylchohne, intra-arterial 
injections of KCl have been regarded as an imitation of the arrival of 
impulses at the endings of cholinergic nerves, but recent observations 
of Brown and Macintosh [1939] on the perfused ganghon have shown 
that injections of KCl cause repeated discharges from nerve fibres 
in continuity, as w^ell as from nerve cells. They therefore question 
whether certain effects of injected KCl were rightly attributable to 
stimulation of the ganghon cehs. It is possible that the hberation of 
acetylchohne is also not only a direct effect of KCl, but results in 
part secondarily from such nervous discharges. In both cases the 
potassium salt should provide an appropriate stimulus for studying 
the liberation of acetylcholine in the brain. 


Method. 

The cat’s head was perfused through the carotid arteries with 
dpfibrinated blood according to the method described by Chute and 
q th 11939]- It has been shown [Macintosh, 1939] that the hberation 
f ^ Ptvlchohne from the superior cervical ganghon of the cat can be 
fpntlv demonstrated when the ganghon is perfused with Locke’s 
consiste but not when perfused with fuU blood. We 

solution ^ (liiuted with an equal volume of 

qince it was necessary to prevent mucus and sahva from 

rrl A 1 r 


tl prefore used 150 c.c. blood diluted -with an equal volume of 
qince it was necessary to prevent mucus and sahva from 
sahne. om sahvary glands were removed as far as 

contaminati g nasopharynx was plugged. There remained some 
possible ana nf the palatine mucosa which was 

secretion “0“ , . cotton-wool. This pad was changed from time 

collected on a pau oi 



Liberation of Acetylcholine from the Perfused Cat’s Brain 67 

to time during the experiment. In control experiments in which 
the brain was excluded from the circulation the preparation was 
made in the usual manner, and the head first perfused for some 
minutes udth the brain intact. The arterial supply was then cut off, 
the brain removed through a small opening in the roof of the skull 
and the cranium packed with plaster of paris. When the perfusion 
was restarted after hardening of the plaster (10-15 minutes) there was ' 
a venous outflow from the remaining tissue. In some experiments, 
both with and without the brain, the original method of Chute and 
Smyth was modified by reducing the amount of extra-cranial tissue 
perfused. Tliis was done by tying the infraorbital vessels near their 
origin and by placing mass ligatures about the base of the eyeballs. 

In order to prevent the destruction of acetylcholine liberated in the 
brain, eserine to give a concentration of 1/300,000-1/400,000 was 
added to the blood in the reservoir. The potassium chloride was 
injected into the arterial cannulas through the rubber tubing, which 
was momentarily clamped distal to the point of injection, 20-25 mg. 
KCl, in 0-5 c.c. distilled water, being injected simultaneously into each 
side. Por the assay of acetylcholine 10-20 c.c. samples of blood were 
taken; 300 c.c. of blood was available of which 100 c.c. was required 
to fill the perfusion system. The blood was collected directly from 
cannulse in the jugular veins into graduated cylinders containing one 
drop 1/1000 eserine, and, if not to be tested immediately, kept in a 
bath of ice water. In carrying out the tests, the blood, in amounts 
of 1 to 2 c.c., was injected intravenousl 5 ’’ into eviscerated cats under 
chloralose anesthesia, and the effects on the arterial blood-pressure 
were compared with those produced by known amounts of acetyl- 
choline chlorides. The sensitivity of our cats was usually such as to 
enable us to detect in the blood concentrations of acetylcholine of 
1 in 400 millions and sometimes 1 in 800 millions. The blood in some 
experiments was also tested on the eserinised leech preparation. 

Results. 

1. Eserine. 

When the head was perfused with 50 per cent, blood without eserine, 
the reflex activity of the eyes disappeared more rapidly than when the 
head was perfused with full blood. The wink reflex diminished after 
30 to 40 minutes and disappeared in an hour. The addition of eserine 
to the blood caused in the beginning a marked potentiation of existing 
reflexes or their reappearance if they had disappeared, and under 
good conditions spontaneous bilateral blinking was noted. In one 
experiment the rate of blinking was timed and found to be about 
80 per minute. These movements were sometimes associated with jerk- 
ing movements of the head. When the facial nerve was cut on one 
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side, spontaneous opening and closing of the lids occurred only on the 
innervated side, indicating a central factor in the production of this 
effect. After eserine Ave also observed twitchings of the facial muscles, 
eye moA’^enients and tear secretion. At later stages of eserine poisoning 
the hyper-excitability diminished, and eventually aU spontaneous 
movements and all reflex activity Avere abolished. The attainment of 
this condition Avas dependent on the concentration of eserine in the 
blood, appearing earlier AA'itli stronger concentrations. Similar effects 
of eserine have been described in the AA'hole animal by ScliAreitzer and 
Wright [1936]. In spinal cats and in cats under chloralose anesthesia 
eserine produced increased reflex-excitability and centrally evoked 
conATilsions folloAA^ed by depression. 

Assay of Acetylcholine. — When, before the addition of eserine, the 
venous effluent aa'us tested on the arterial blood-pressure of the cat, 
it usually produced not a fall but rather a slight rise. In some early 
experiments the blood had a depressor action Avhich, unlike that of 
acetylcholine, AAms not abolished by atropine. This effect aa^s probably 
caused bj’’ contamination of the blood AAuth mucus or saliva, Arhich is 
known to contain such a depressor substance. When precautions 
Arere taken to guard against such contamination the atropine resistant 
depressor action Avas no longer obtained. 

Samples of blood taken after the addition of eserine and tested 
on the cat’s blood-pressure usually had a depressor action AAliich 
AA’as abolished by atropine. When compared Avith acetylcholine the 
depressor activity corresponded to that of a concentration in the blood 
of 1 in 400 million to 1 in 800 millions. Samples taken at 15 -minute 
intervals shov'^ed almost no increase in depressor activity, but a shght 
gradual increase Avas demonstrable if longer intervals vere employed, and 
Avas particularly noticeable if the volume of the perfusing blood AA’as 
kept as small as possible. 

The blood also had a stimulating action on the eserinised leech 
muscle, and AA^hen compared AAuth acetylcholine the activity AA’^as of the 
same order as that obtained by the assay on the cat’s blood-pressure. 
The substance is, therefore, probably acetylcholine, and must haA’^e 
been liberated from the brain, since in the tAA^o control experiments in 
AA’hich the head AA^as perfused AAithout the brain no depressor substance 
appeared in the eserinised blood even after an hour’s perfusion 

(fig. 2, D). 

2. Potassium. 


The arterial injections of KCl caused midriasis and pronounced 
•r,,,tinn of venous outfioAA^ both effects passing off AAithin a fcAA^ 
iter The injections AArere foUoAv-ed by a temporary disappearance 

he reflex activities of the eye. . 

LsaTof Acel 2 /lcho(«ie.-Immediately prior to the injection of 
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potassium a venous sample was taken and used as a control. When 
the outflow began to decrease a few seconds after the injection a first 
sample of about 20 c.c. was collected. The flow had nearly always 
returned to normal before the collection was completed. Even if all 
the injected potassium had been recovered in this sample the amount 
in 2 c.c. would only be 5 mg., which we found did not interfere with 
our assay on the cat’s blood-pressure. A second venous sample was 
taken immediately following the first, and subsequent samples were 
taken at intervals of 5 to 16 minutes. 

The venous samples collected after the injection of the KOI always 
showed a greater depressor action than the controls. The effect was 



Flo. 1, — Cat luider ohloralose. Carotid blood-pressure. Stomach, intestine, 
and spleen removed. At A to E and at G to K, 2 c.c. of venous blood from 
perfused cat’s head. At F, 2 c.c. acetylcholine 1 in 400 millions. Between J 
and K, 1 mg. atropine intravenously. For details see text. 

most pronounced in the first, second, or third sample following the 
injection. The depressor activity of later ones diminished, but remained 
greater than that of the control. When arterial blood samples were 
removed from the reservoir during the first 10 to 15 minutes after the 
injection, they were found to be less active in causing a fall in blood- 
pressure than the venous samples. At later stages the difference 
between arterial and venous blood disappeared, both giving a depressor 
effect greater than that of the control. A second injection of potassium 
chloride produced similar effects, causing a still further increase in 
depressor activity. The depressor action of all samples was aboHshed 
by atropine, and was therefore probably due to acetylcholine. A 
typical experiment is illustrated in fig. 1, in which are seen the depressor 
effects of successive 2 c.c. samples collected from the veins of a cat’s head 
perfused with 60 per cent, blood containing eserine in a concentration 
of 1 in 300,000. The blood collected before the injection of KOI had a 
slight depressor effect (at A) ; after the injection it became progressively 
stronger in the first two samples collected (at B and C), decreasing 
again in the subsequent two samples (at D and E). Perfusion was 
continued for some time before the sample tested at G rvas collected. 
The depressor activity of the blood had not materially changed within 


68 


Chute, Feldberg, and Smyth 


side, spontaneous oj^ening and closing of the lids occurred only on the 
innervated side, indicating a central factor in the production of this 
effect. After eserine we also observed twitchings of the facial muscles, 
eye movements and tear secretion. At later stages of eserine poisoning 
the hyper-excitability diminished, and eventually all spontaneous 
movements and all reflex activity were abolished. The attainment of 
this condition was dependent on the concentration of eserine in the 
blood, appearing earlier with stronger concentrations. Similar effects 
of eserine have been described in the whole animal by Schweitzer and 
Wright [1936]. In spinal cats and in cats under chloralose anaesthesia 
eserine produced increased reflex-excitabihty and centrally evoked 
convulsions followed by depression. 

Assay of Acetylcholine. — When, before the addition of eserine, the 
venous effluent was tested on the arterial blood-pressure of the cat, 
it usually produced not a fall but rather a shght rise. In some early 
experiments the blood had a depressor action which, unlike that of 
acetylcholine, was not abohshed by atropine. This effect was probably 
caused by contamination of the blood with mucus or sahva, wliich is 
known to contain such a depressor substance. When precautions 
were taken to guard against such contamination the atropine resistant 
depressor action was no longer obtained. 

Samples of blood taken after the addition of eserine and tested 
on the cat’s blood-pressure usually had a depressor action which 
was abolished by atropine. When compared with acetylcholine the 
depressor activity corresponded to that of a concentration in the blood 
of 1 in 400 million to 1 in 800 millions. Samples taken at 15 -minute 
intervals showed almost no increase in depressor activity, but a shght 
gradual increase was demonstrable if longer intervals were employed, and 
was particularly noticeable if the volume of the perfusing blood was 
kept as small as possible. 

The blood also had a stimulating action on the eserinised leech 
muscle, and when compared with acetylcholine the activity was of the 
same order as that obtained by the assay on the cat’s blood-pressure. 
The substance is, therefore, probably acetylchohne, and must have 
h n liberated from the brain, since in the two control experiments in 
'T’ch the head was perfused without the brain no depressor substance 
appeared in the eserinised blood even after an hour’s perfusion 

(fig. 2, D). 

2. Potassium. 


ferial injections of KCl caused midriasis and pronounced 
of venous outflow, both effects passing off within a few 
b^°^The injections were foUowed by a temporary disappearance 

’^^®^®^^^2ScLhat-Smediately prior to the injection of 
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solutions or very dilute blood on account of the early onset of cerebral 
oedema. In our experiments where a compromise Avas made by using 
blood diluted Avith an equal volume of saline, the small but definite 
amount of acetjdcholine demonstrated is significant. No attempt has 
been made to determine from Avhich part of the brain it Avas liberated, 
nor could the liberation be correlated Avith special nervous activity. 
The doses of potassium used for demonstrating the liberation of acetyl- 
choline were, in fact, paralysing ones. This might at first sight 
appear contradictory to the conception that liberation of acetylcholine 
is associated \Adth actmty of the central nervous system. The diffi- 
culty, however, can easllj' be explained. We knoAV from the experi- 
ments on the perfused cervical ganglion that paralysis by KCl affects 
the nerve cells AAuthout impairing the mechanism of liberating acetyl- 
choline at the synapses, at least not in the early stages of paralysis. 
The paralysis is comparable to the well-knoAvn forms of paralysis 
caused by atropine, nicotine, or curare, where the effector cells cease 
to respond to nerve stimulation despite the fact that the liberation of 
acetylcholine remains unaffected. 


SUMMAEV. 

The almost completely isolated cat’s brain was perfused with 60 
per cent, defibrinated blood. The addition of eserine to it produced 
increased reflex-excitability Avith spontaneous movements followed by 
depression, and caused the appearance in the blood of small amounts 
of acetylcholine which were hberated from the brain. This liberation 
Avas temporarily increased by the injection of KCI. 
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this time. It was still stronger than that caused by the blood collected 
before the injection. A new injection of KCl was given, and two 
subsequent samples were collected and tested at H and J. The depressor 
activity was abolished by atropine, as seen at K, w^here the sample H 
was retested. In the control experiments in which the brain was 
removed KCl failed to cause the appearance of any depressor substance 
in the venous blood. In the experiment from wdiich fig. 2 is taken 
the head was perfused wdthout the brain and after ligating the infra- 
orbital vessels and the eyeballs. The perfusion fluid was again 50 
per cent, blood containing eserine in a concentration of 1 in 300,000. 
The control blood (at A) and that collected in three successive samples 



Fia. 2. — Cat under ohloralose. Carotid blood-pressure. Stomach, intestine, 
and spleen removed. At A to D, 2 c.c. of venous blood from perfused cat’s head 
without brain. At E, 2 c.c. acetylcholine 1 in 400 millions. At F, 2 c.c. of saline. 

For details see text. 

after the injection of KCl (at B, C, and D) contained no detectable 
amounts of acetylcholine. The sensitivity of the cat’s blood-pressure 
was such that a concentration of acetylcholine of 1 in 400 millions 
(at E) would have been detected. The slight fall of 2-3 mm. obtained 
with all samples is an unspecific effect which was also obtained when 
saline was injected (at F). 

These experiments suggest that the slight spontaneous liberation 
of acetylcholine from the brain perfused with eserinised blood is 
greatly increased by the injection of KCl, and that the augmented 
output continues for some minutes, raising the acetylcholine concen- 
tration of the blood in the reservoir. 


Discussion. 


One of the difficulties in demonstrating the hberation of acetyl- 
1, v p from the brain during activity consists in the fact that condi- 
chonne II detection are incompatible ndth the normal 

tions w central nervous system. Even in the ganglion it has 

activity 01 dilute the perfusing blood in order to obtain 

been found ne y possible to perfuse the brain wdth salt 

consistent resuns. 
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solutions or very dilute blood on account of tlic early onset of cerebral 
oedema. In our experiments where a compromise was made by using 
blood diluted with an equal volume of saline, the small but definite 
amount of acetylcholine demonstrated is significant. No attempt has 
been made to determine from which part of the brain it was liberated, 
nor could the liberation be correlated with special nervous aetivity. 
The doses of potassium used for demonstrating tlie liberation of acetyl- 
choline were, in fact, paralysing ones. This might at first sight 
appear contradictory to the conception that liberation of acetylcholine 
is associated with activity of the central nervous system. The diffi- 
culty, however, can easily be explained. We know from the experi- 
ments on the perfused cervical ganglion that paralysis by KCl affects 
the nerve cells without impairing the mechanism of liberating acetyl- 
choline at the synapses, at least not in the early stages of paralysis. 
The paralysis is comparable to the well-known forms of paralysis 
caused by atropine, nicotine, or curare, where the effector cells cease 
to respond to nerve stimulation despite the fact that the liberation of 
acetylcholine remains unaffected. 

SUMMABY. 

The almost completely isolated cat’s brain was perfused with 50 
per cent, defibrinated blood. The addition of eserine to it produced 
increased reflex-excitability with spontaneous movements followed by 
depression, and caused the appearance in the blood of small amounts 
of acetylcholine which were liberated from the brain. This liberation 
was temporarily increased by the injection of KCl. 
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THE INFLUENCE OF NERVES AND DRUGS ON SECRETION 
BY THE SMALL INTESTINE AND AN INVESTIGATION 
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Paet I. The Ihelhehce op Neeves and Dkegs on Seceetion. 

It is generally agreed that direct mechanical and chemical stimula- 
tion of the intestinal mucosa causes a secretion of sitccus enterictis. 
There is also some evidence that hormonal influence is involved, but 
the role of the vagus and sympathetic nerves is not clear. 

In the following paper experiments will be described dealing with 
the influence of extrinsic nerves and hormones on the production of 
succus entericus. 


Expeeimental. 

Extrinsic Nerves. (1) The Vagus. 

Savitch and his co-workers [1917, and cited by Babkin, 1928] have 
reported experiments on the influence on intestinal secretion of stimula- 
tion of the vagus nerves in the neck of decapitated cats. The animals 
were placed in a saline bath at 37° C. and the small intestine was milked 
downward -with the fingers at regular intervals. Under these conditions 
the unstimulated control animals began to produce fluid after 4-5 hours. 
After stimulating the vagus nerve in the neck the* secretion appeared 
after the long latent period of 1-1-|- hours, and, though stated to be 
dependent on the continuation of stimulation, the experimental records 
reproduced by Babkin do not indicate very clearly that this was so. 
These would appear to be the only experiments reporting positive effects 
from vagal stimulation. 

In the following experiments decerebrate or decapitate cats have 
been used exclusively, for, as will be seen later, anresthetics have a 
profoundly depressing action on intestinal secretory phenomena. The 
animals were starved for 24 hours before operation. Under ether 
anaesthesia, with artificial respiration, the chest was opened along 
the eighth right costal interspace, and the eighth rib divided near the 
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vertebrJE. The vagus nerves Avere dissected below the lung roots 
where they lie beside the oesophagus. Thej' Avere tied, cut and the 
peripheral ends draAvn on to protected platinum electrodes. Fine 
enamelled AAures from these electrodes AVere passed through the chest 
wall, the lungs were fulty inflated and the chest closed. Through a 
midbne abdominal incision, the accessory pancreatic duct, the main 
pancreatic duct and the common bile duct were tied. ^Vhen the 
duodenum only was under investigation the pylorus was closed either 
by a glass ball or by a ligature embracing the mucosa applied through 
a small longitudinal incision in the muscle just proximal to the pyloric 
sphincter. Cannulse were tied into the stomach and into the duodenum 
G centimetres from the pylorus. When the jejunum or ileum AAms being 
investigated as well as the duodenum, a glass obturator in the form of 
a cone was passed into the duodenum and secured to its AAmll 6 centi- 


metres from the pylorus, thus isolating the duodenum from the rest 
of the small intestine without interrupting the continuity of the 
intestinal wall. The cone was placed in position by attaching it to a 
thread which passed through the eye in the tip of a probe; the end of 
the probe Avas inserted through a hole in the stomach Avail and guided 
through the pylorus and down the intestine for 6 centimetres. A 
small cut was made over the tip of the probe and the thread drawn out 
from the eye. The obturator could then be drawn into position in the 
gut lumen by means of the thread and fastened by a small stitch to 
the intestinal wall. The duodenum was drained in a retrograde 
direction by introducing the end of a straight cannula Avith a bulb in 
the middle through the pylorus in a similar way. The introducing 
thread was passed through the belly wall and later was attached to a 
weight so that the bulb of the cannula was held tightly against the 
pylorus to isolate the duodenum from the stomach. A rubber tube 
attached to the proximal end of the cannula passed through the hole 
in the stomach through which the obturator and cannula had been 


introduced. A cannula Avas tied into the stomach and another into 
the small intestine at the required distance below the obturator. The 
intestines were returned to the abdominal cavity and the rubber 
tubes attached to the cannulm were brought through appropriately 
placed stab wounds in the abdominal wall. The abdominal wound 
was closed or its edges Avere sewn to a perspex Avindow [Wright et al, 
19381. By fBis technique two different parts of the intestine were 
cannulated without seriously interrupting any of the nervous pathAvays. 
At the end of the experiment the competence of the obturators was 
tested by introducing pontamine blue into the intestine above them. 

After preparing the intestines the cat was decerebrated and left 
V 9 Tinnrs to allow the effects of the anaesthetic to wear off, the 
being n..mteined nt 37--38- 0. SM„„ter„„ 
begS at the rate of 30 faradic impulses per second for periods of 
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14 and 11 seconds, se^iarated by intervals of 15 and 20 seconds and at 
such a strength that a definite shock was given to the tongue. 

Within a few minutes gastric juice began to flow from the gastric, 
and a sticky juice from the duodenal, cannula. The highest rate of 
flow from the duodenum was 8-4 c.c. per hour and in that hour the 
stomach secreted 26 c.c. of juice. The smallest rate of flow from the 
duodenum was 2 c.c. per hour associated with a gastric flow of 20 c.c. 
per hour. The flow continued as long as the stimulation, ceased when 
it ceased and began again on its recommencement. In all, 28 experi- 
ments were performed and in none was there a failure to elicit secretion 
of juice following stimulation. In none of the experiments was there 
a flow of juice from the jejunum though it had been kept in anatomical 
continuity unth the duodenum. The detailed results of two such 
experiments were as follows : — 

Gat 62. Weight 3-2 kg. 

10.45. Ether anaesthesia. Tracheal cannula tied in and threads 
looped round carotids. Chest opened on right side. Infracardiac vagi 
secured, dissected and placed on electrodes which were left in the chest 
with leads through the wall. 

Abdomen opened by upper midline incision. Common bile duct 
and pancreatic duct tied. Stomach opened, pyloric obturator 
introduced, stomach sewn up and sutured to abdominal wall to give 
counterpoise to the obturator. Duodenum cut across 6 cm. from 
pylorus and cannula introduced and tied in. Window sewn in. 

Carotids tied and decerebration completed at 12.15. 

14.30. Cannula dry, duodenum inactive. Stimulus commenced — 
immediately contractile activity became apparent in the duodenum 
(stomach not visible) with dilatation of vessels and in 5 minutes bile- 
stained fluid, sticky and alkaline, was coming from the cannula. The 
fluid soon became colourless with slight opalescence. 

15.20. 4*5 c.c. collected. 

16.30. 6-0 c.c. 

17.30. 6-0 c.c. collected. Stimulation stopped. 

19.00. No further secretion. Stimulation recommenced. 

22.00. 12 c.c. more collected. Cat dead. 

50 c.c. strongly acid fluid in stomach. 

Oat 71. 

11.00. Ether anaesthesia. Tracheal cannula inserted. Thorax 
opened with artificial respiration. Infracardiac vagi secured and placed 
on electrodes. Common bile duct, pancreatic duct and accessory 
pancreatic duct tied. Submucous tie on pyloric mucosa. Duodenum 
and stomach cannulated. Window se-wn in and decerebration com- 
pleted 12.16. 

14.45. No secretion from stomach or duodenum. 
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15.00. 


16.00. 


17.00. 


18.00. 


19.00. 

20.30. 


21.30. 


21.50. 

22 . 00 . 

23.00. 


Stimulation started. Good motor activity of stomach and 
duodenum. 

Duodenum. Stomach. 

4-4 c.c. slightly bile- 20 c.c. clear mucoid gastric juice. 

stained stickj'^ fluid. 

1 c.c. neuti'alises 
0-2 c.c. N/10 HCl. 

6'3 c.c. clean clear juice. 22 c.c. „ „ 


6-0 c.c. „ „ 25 c.c. „ „ 

Stimulation stopped. 40 c.c. saline given subcutem. 

No secretion : stimulation recommenced. 

Secretion had collected but was spilled by movement of 
animal. 

3*0 c.c. duodenal juice. Stimulation stopped. 

0-6 mg. eserine subcutem. 

0-6 mg. eserine subcutem. 

Stimulation recommenced. 

6-5 c.c. clear fluid. 

Cat died at 23.10. 


In three experiments a cannula was tied into the jejunum instead of 
the duodenum. There was no flow of juice on stimulation. After 
stimulation for 2 hours the duodenum u^as severed 6* centimetres 
from the pylorus and cannulated; further stimulation then gave a flow 
of juice from the duodenum. It was thus apparent that the secretion 
had been forming in the duodenum and was being absorbed in the 
jejunum. Another experiment also illustrated that complete re- 
absorption of previously secreted juice is possible. Duodenal juice 
(6’0 c.c.), produced by vagal stimulation, was returned to a jejunal 
loop after atropinisation of the animal. It was completely absorbed 
in 2 hours 20 minutes; possibly the absorption was quicker than this 
but the preparation was not examined sooner. 

It was thought that the whole of the secretion might be coming from 
the Brunner’s glands of the duodenum, so a glass cone was fixed in the 
duodenum 2 centimetres only from the pylorus and both ends of the 
duodenum cannulated in the appropriate wa 3 ^ Stimulation of the 
• gave a good flow of juice from that part containing Brunner’s 
1 nds and a lesser but still definite secretion from the duodenum 
^ none The details of one of three experiments illustrating 

these points were as follows. - 


10 30 Ether anresthesia. Electrodes applied to infraeardiac vagi. 


Cat 100. Weight 2-5 kg- 

) Ether anrestlu , , , . 

uUd duct nancreatic duct and accessory pancreatic duct tied. 
Common bile > i inserted. Decerebration completed at 11.45. 
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17.30. Stomach — 30 c.c. of clear mucoid secretion, 1 c.c. equivalent 
to 1-0 c.c. N/10 HCl. Upper duodenum — G c.c. of clear slimy alkaline 
secretion, 1 c.c. neutralises 0-2 c.c. N/IO HCl; no precipitation vdth 
N/10 HCl. Lower duodenum— 2-4 c.c. of slightly turbid secretion, 
almost watery in consistence and just alkaline: no neutralising value; 
turbidity on adding N/10 HCl. 

Path of Vagns Sitpply to the. Duodenum . — The path of the vagus 
supply to the duodenum was investigated by setting up an animal as 
above mth the exception that two strong ligatures were left untied 
around the pylorus. After the rate of secretion on stimulation had 
been determined over 2 hours the ligatures Avere tied tightly and the 
pylorus cut through between them, care being taken to avoid inter- 
ference -noth the blood suppl 3 \ Eurther stimulation gave no significant 
secretion from the duodenum. Cutting the mucosa and submucosa 
only did not interfere with secretion. It was thus clear that the vagal 
supply to the upper duodenum passed from the stomach in the muscular 
layer of the gut wall. 

Ejfect of Eserine on Vagal Stimulation . — The rate of secretion of 
duodenal juice during vagal stimulation was increased markedly by 
two doses of eserine (0-6 mg. each, given at an interval of 20 minutes), 
but it Avill be noted later that eserine in these doses may excite of itself 
a secretion of juice from the duodenum, jejunum and ileum. 

In view of the failure to obtain juice from the jejunum or ileum 
t>y vagal stimulation attempts were made to “sensitise” the small 
intestine to the influence of the vagus. Eserine (0-6 mg.) was given 
subcuiem to a eat and then 2 hours were allowed to elapse to see 
whether the eserine by itself produced a secretion. If there was no 
secretion the vagi were then stimulated, but no positive effects were 
obtained. 

Action of Atropine. — Atropine (1-0 c.c. of 1 p.c. atropine sulphate) 
immediately caused a cessation of vagal secretion which lasted, even 
though stimulation was continued, for at least three hours. 

The Effects of Ancesthetics . — -The effect of basal anaesthetics on the 
rate of secretion from the duodenum was investigated in decapitated 
cats. After the rate of secretion had been determined by a two-hour 
control period of stimulation, 150 mg. of sodium luminal per Idlo of 
body weight was given intramuscularly. Though this was not sufficient 
to cause a disappearance of the anal reflex, it caused almost complete 
cessation of secretion. This lasted during 3-4 hours of vagal stimula- 
tion. Administration of eserine gave some return of the vagal secretory 
effect. Details of such an experiment are as follows : — 

Gat 169. 4-3 kg. 

11.00. Ether anaesthesia. Decapitation. Vagi placed on elec- 
trodes. Common bile duct, pancreatic duct and accessory pancreatic 
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Stomacli and duodenum 


duct tied. Obturator placed in pylorus, 
cannulated. Completed at 12 noon. 

15.00. Stimulation started. 

Collection started. 

DuTde™ 6'o!c!” ' 

650 mg. sodium luminal intramuscularly. 

^al reflex still present. Collection started. 

. omach 4 c.c., 1 c.c. equivalent to 1-5 c.c. N/IO HCl 
Duodenum 0-2 c.c. 

Given eserine gr. 1/1 oo subcut em. 

Eserine gr. 1/100 subcutevi. 

Gastric juice 6 c.c. 

Duodenal juice 1-5 c.c. 

Nembutal gave similar effects as follows-— 

Gat 171. 2-8 kg. 

9.45. Ether anjestbesia. Vagi dissected and placed on electrodes 

Accessory pancre^t c duct, common bile duct aL pancreatic duct 

tied Obtmator placed m pylona. gtomacb and duodenum can- 
nulated. Decerebration 10.55. uuouenum can 

Stimulation of vagi started. 

Secretion from both cannulae flowing freelv 
Collection begun. ’ 

Stomach 18 c.c. 

Duodenum 3-6 c.c. 


16.00. 

17.00. 

17.15. 

17.40. 

18.40. 


19.00. 

20 . 00 . 


12.25. 

13.05. 

14.05. 


14.30. 

15.30. 


SueS *ried”'“’’““ ‘-Wenonsly. 


Stomach 4 c.c. 

Duodenum 0-3 c.c. 

15.40. Eserine gr. 1/100 subcutem. 

16.00. Eserine gr. 1/100 siibcutem. 

16.20. Collection started. 

17.20. Stomach 6 c.c. 

Duodenum 1-2 c.c. 

Ether similarly acted as an inhibitor. When a decerebrate animal 
had reached a steady rate of secretion of 20 c.c. per hour from the 
stomach and 5 c.c. per hour from the duodenum as a result of vaval 
stimulation, ether was admimstered for I hour. During this time 
scarcely any secretion occurred (stomach 3 c.c., duodenum 0-3 c c ) 
in spite of the continuation of stimulation. The animal was left for 
2 hours to aUow elimination of the ether and then the vagi were 
stimulated again. Though by this time the animal’s conditio was 
poor it gave 10 c.c. of gastric secretion and 2-6 c.c. of duodenal secretion 
in an hour. 



Influence of Nerves and Drugs and Investigation of Enzymes 79 

Of the anesthetics tested, chloralose had the least effect on duodenal 
secretion. The rate of secretion in a decapitate cat during vagal 
stimulation v'as 8-4 c.c. per hour. After chloralose was given (70 mg. 
per kilo body weight) the rate of secretion was reduced to 5-5 c.c. per 
hour. 

Some Properties of the Secretion . — ^The secretion wliich was obtained 
from the duodenum by vagal stimulation was a slightly opalescent, 
slimy fluid; at first it Avas bile-stained, but after 2 or 3 hours’ 
flow it became colourless or only faintlj' yellow. It was alkaline 
to litmus and on collection had a pH of 8-3-8-4. On adding excess 
HCl and titrating back rvith NaOH using phenolplithalein as an 
indicator, 1 c.c. gave a neutralising value equivalent to 0-25-0'3 c.c. 
N/10 HCl. The chloride content Avas 0-45 p.c. There AA^as only a 
slight increase of haziness on addition of N/10 HCl or 2 p.c. acetic 
acid, but the bulk of the mucus could be precipitated by phospho- 
tungstic though not by trichloracetic acid. On standing on the bench 
overnight the sliminess disappeared from the juice. Vagal juice, as 
Avill be seen later, is indistinguishable from juice collected from a 
duodenal fistula. 

From this series of experiments it is clear that stimulation of the 
vagi by the method used always causes secretion from the duodenum 
but not from the rest of the small gut, even AA^hen this is “sensitised” by 
a dose of eserine. The secretion from the duodenum is principally 
from the portion just distal to the pylorus, in which Brunner’s glands 
are present. 

The possibility existed that the secretion of the loAver portion of 
the small intestine was under the control of the nervi erigentes, 
stimulation of which causes secretion in the colon [Wright et al., 1938]. 
In one experiment done to investigate this point nothing was obtained 
from the ileum though good colonic secretion occurred. 


(2) The Sympathetic. 

Claude Bernard [18S9] mentioned that the removal of the mesenteric 
(solar) ganglia caused a production of fluid in the intestine accompanied 
by diarrhoea. This phenomenon Avas more fully investigated in the dog 
by Moreau [1868] who found that section of the nerves accompanying 
the mesenteric vessels caused the accumulation of fluid in the loop 
of small intestine so denervated. This experiment has been confirmed 
by a number of workers who, for the most part, consider that the 
properties of the fluid entitle it to be considered true succus entericus 
[Hanau, 1886; Mendel, 1896; Falloise, 1904; Molnar, 1909 (using a 
denervated Thiry fistula)]. Leubuscher and Tecklenburg [1894] and 
Tecldenburg [1894] also repeated the experiment but concluded that 
the fluid was a transudate, a AdeAV supported by Starling [1911] who, 
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however, admitted that no proof was available against the view that 
secretion is inhibited by the sj'mpathetic nerves. 

The most thorough investigation of the nervous mechanisms in- 
volved was carried out bj’’ a committee of the British Association 
[Pjm-Smith et al., 1874; Brunton and Pye-Smith, 1875, 1876]. They 
also gave a resumd of the earliest work on this subject. They concluded 
that; The secretory nerves of the intestines have the small ganglia 
of the solar and superior mesenteric plexuses for their centres ; hence 
secretion is unaffected by section of the splanchnics, the vagi, or the 
dorso-lumbar part of the cord.” 

Jlitsuda [1924], as the result of some not very convincing experi- 
ments, thought that the extra-intestinal parasj'^mpathetic is the 
secretory nerve for the intestine and that the extra-intestinal sym- 
pathetic is principally inhibitory to the glands by means of intra-mural 
sympathetic ganglia. 

In the following section we record experiments dealing with this 
“inhibitory” influence of the sympathetics on secretion. 

Effects of Cutting Greater Splanchnic Nerve . — For these experiments 
the chest was opened in the tenth interspace and the tenth rib divided 
near the transverse processes of the vertebrae. One pair of intercostal 
arteries were doubly ligated near the aorta and cut. Dissection just 
above the diaphragm then exposed a suflicient length of the splanchnic 
nerves to allow them to be cut and, if desired, drawn on to protected 
electrodes. The gut was prepared in the same way as for vagal 
stimulation. The animal was then decerebrated and left for the effect 
of the anaesthetic to wear off. It was found that after a variable 
period of from 1 to 5 hours the duodenum began to expel juice 
from the cannula. The highest rate of secretion from the duodenum 
was 6 c.c. per hour. There was no secretion from the jejunum, but 
occasionally the animal showed evidence of increased intestinal motility 
by passing faeces from the rectum. 

The variable delay appeared to be due to the anesthetic, for if the 
intestines of the animal were set up as described and then the cat was 
decerebrated and left for 2 hours before section of the sj'^mpathetic 
nerves (both can be rapidly divided via a short incision in the eleventh 
right intercostal space), the flow of secretion from the duodenum 
began at once. In some cases before the thoracic incision could be 
sevm up fluid was escaping from the duodenal cannula. This 
possible effect of ansesthetics urns commented on by Mendel and 


This activity of the duodenum was not dependent on the continuity 
nf the v^at^us nerves ivith the medulla, for if the vagi were divided belou' 
Inner root at the time of the initial operation division some hours 
uL of the splanchnic nerves still gave rise to a rapid onset of secretion 
from the duodenum. Division of the vagi during “paralytic ” secretion 
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had also no effect. The follomng protocol illustrates some of these 
points: — 

Cat lU. 3 leg. 

11.00. Ether anaasthesia, chest opened, splanchnics divided, chest 
closed. Common bile duct, pancreatic duct and accessory pancreatic 
duct tied. Obturator placed in p 5 dorus. Duodenum 6 cm. from 
pylorus and stomach cannulated. Decerebration 12 noon. 

17.00. 6 c.c. of secretion from stomach. 

22 c.c. of sticky secretion from duodenum, 5-3 c.c. in the 
last hour. 

Chest reopened and vagi di\dded without anesthetic; 
animal did not react to handling of vagi. Completed 
at 17.10. 

18.10. 5 c.c. of sticky duodenal secretion. 

19.00. 3 c.c. of sticky duodenal secretion. 

20.00. 3 c.c. of sticky duodenal secretion. 

The seat of the inhibitory effect is below the third thoracic segment 
of the cord, for there was no secretion during 2 hours after cutting 
the neural axis of a decerebrate cat at the atlanto-occipital membrane 
and at the level of the third cervical vertebra, but division of the 
splanchnic nerves at the end of that period gave rise to secretion 
immediately. 

The Effect of Stimulating the Splanchnic Nerves on the “Paralytic'' 
Secretion. — When the rate of this secretion had become constant the 
splanchnic nerves were stimulated in the same way as the vagus nerves, 
a record of blood-pressure being taken from the femoral arterj’’. Stimula- 
tion caused a rise of blood-pressure lasting slightly longer than the period 
of stimulation (due probably to the liberation of adrenalin from the 
suprarenal glands). The blood-pressure in the intervals between 
stimulation was somervliat above the initial resting level. As long as 
the stimulation was continued the rate of the “denervation” secretion 
by the duodenum was considerably diminished in all experiments. 
Eor example; 

Cat 137. Male, 2-9 kg. 

10.45. Ether ansesthesia. Chest opened and splanchnics cut and 
placed on electrodes. Common bile duct, accessory pancreatic 
and pancreatic ducts tied. Obturator placed in duodenum 6 cm. 
from pylorus and retrograde cannula passed through pylorus 
to drain duodenum. Stomach cannulated. Small gut cannulated 
15 cm. below obturator in duodenum. Decerebration completed 
12 noon. 

14.00. Some secretion. 

VOL. XXX., NO. 1.— 1940. 
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16.00. 14 c.c. of watery gastric juice, 

9 c.c. of duodenal juice. 

5 c.c. of jejunal juice. 

17.20. 6 c.c. of gastric juice. 

6-5 c.c. of duodenal juice. 

3 c.c. of jejunal juice. 

Stimulus started. 

19.00. 2 c.c. of watery gastric juice. 

1-5 c.c. of duodenal juice. 

Nothing from jejunum. 

Stimulus stopped. 

20.20. 2 c.c. of gastric juice. 

7 c.c. of duodenal juice. 

1 c.c. from jejunum. 

An attempt was made to investigate the nature of this inhibition by 
abolishing the vasomotor effect by ergotoxine.^ As soon as the rate of 
secretion had become constant the animal was given ergotoxine (about 

2 mg. of ergotoxine ethanesulphonate in divided doses) which abolished 
the response of the blood-vessels to adrenalin or sympathetic stimula- 
tion. Even when the blood-pressure remained at a high level following 
the ergotoxine secretion stopped. This made it impossible to elucidate 
the question further by this means. 

Ejfect of an Ancesthetic. — Sodium luminal (160 mg. per kilo intra- 
muscularly) reduced the rate of the “paralytic” secretion almost to 
zero in a decapitate cat, though the anal reflex was not abolished. 
Eserine (2 doses of 0-6 mg. at 20 minutes’ interval) improved the rate 
of secretion under this narcosis. 

Atropine. — ^Atropine (1 c.c. of 1 p.c. atropine sulphate intra- 
venously) caused a cessation of this “paralytic” secretion for at least 

3 hours. 

Character of Fluid. — The fluid secreted had all the physical characters 
of that obtained by vagus stimulation, was chemically identical (so far 
as tested) and gave similar results to enzyme tests (see later). 

The Fetation of the Splanchnics to the Vagus. — It was thought that 
with the splanchnics cut, the small intestine other than the duodenum 
might respond to stimulation of the vagus. 

Animals were prepared with the vagus nerves on electrodes, the 
’ntestines were cannulated as described and the animals were then 
(1 cerebrated. T<vo hours later the chest was reopened without 
^sesthesia and the splanchnic nerves were divided. Two hoxns were 
^11 wed for the rate of “paralytic ” secretion to be determined. In two 
experiments the rate of secretion from the duodenum was greatly 

- indebted to Professor J. H. Bum for assistance and advice in con- 

ductirg^theL experiments. 
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accelerated when the vagus was stimulated, while in one a meagre and 
in the other a copious flow of juice began from the small intestine. This 
intestinal secretion ceased when stimulation of the vagus ceased. The 
procedure of opening the chest a second time, and especially the handling 
of the splanchnics without anaesthesia, was severe and only these two 
animals lived long enough to give a satisfactory demonstration of the 
effect, Eor example : 

Cat 152. Female, 2-8 Itg. 

10.45. Ether anaesthesia. Chest opened. Vagi placed on 
electrodes. Chest closed. Common bile duct, accessory pancreatic 
duct and pancreatic duct tied and cannulae placed. Decerebration 
11.45. 

14.50, Chest reopened and sympathetics divided. 5 c.c. gastric 

juice had collected. Duodenal juice appeared at once. 

16.50. 5 c.c. gastric juice. 

3 c.c. duodenal juice. 

No jejunal juice. 

Stimulation of vagi begun. 

18.10. 35 c.c. gastric juice. i 

12 c.c. duodenal juice, almost watery at the end of the 
period. 

14 c.c. turbid, yellowish jejunal juice. 

Stimulus stopped, 

20.00. Stomach, 5 c.c. 

Duodenum, 2 c.c. 

No further secretion from jejunum. 

From the foregoing experiments it is clear that the greater 
splanchnic nerve carries inhibitory fibres to the duodenum and possibly 
to the upper jejunum. The inhibitory centre is probably in the spinal 
cord. The integrity of the vagi is immaterial to the secretion of 
“paralytic” juice. “Paralytic” juice from the duodenum is identical 
in appearance with that produced by vagal stimulation, and as it 
contains Brunner’s gland mucin cannot be looked on as a simple 
transudate. 

As the greater splanchnic only carries inhibitory fibres to a small 
section of the upper part of the intestine, the possibility of the passage 
of inhibitory fibres to the coeliae ganglia by other nerves was 
investigated. 

In the first place the experiment of Moreau was repeated, i.e. the 
effect was observed of the removal of the nerves accompanying the 
intestinal vessels to a loop of small intestine. 

In most of such experiments a clear-cut confirmation of Moreau’s 
results was obtained, e.g. : 
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16.00. 14 c.o. of watery gastric juice, 
9 c.c. of duodenal juice. 

5 c.c. of jejunal juice. 

17.20. 6 c.c, of gastric juice. 

6-5 c.c. of duodenal juice. 

3 c.c. of jejunal juice. 
Stimulus started. 

19.00. 2 c.c. of watery gastric juice. 
1'5 c.c. of duodenal juice. 
Nothing from jejunum. 
Stimulus stopped. 

20.20. 2 c.c. of gastric juice. 

7 c.c. of duodenal juice. 

1 c.c. from jejunum. 


An attempt was made to investigate the nature of this inhibition by 
abolishing the vasomotor effect by ergotoxine.^ As soon as the rate of 
secretion had become constant the animal was given ergotoxine (about 
2 mg. of ergotoxine ethanesulphonate in divided doses) which abolished 
the response of the blood-vessels to adrenalin or sympathetic stimula- 
tion. Even when the blood-pressure remained at a high level following 
the ergotoxine secretion stopped. This made it impossible to elucidate 
the question further by this means. 

Effect of an Ancesthetic . — Sodium luminal (150 mg. per Idlo intra- 
muscularly) reduced the rate of the “paral3rtic” secretion almost to 
zero in a decapitate cat, though the anal reflex was not abolished. 
Eserine (2 doses of O-G mg. at 20 minutes’ interval) improved the rate 
of secretion under this narcosis. 

Atropine . — Atropine (1 c.c. of 1 p.c. atropine sulphate intra- 
venously) caused a cessation of this “paralytic” secretion for at least 


3 hours. 

Character of Fluid . — The fluid secreted had aU the physical characters 
of that obtained by vagus stimulation, was chemically identical (so far 
as tested) and gave similar results to enzyme tests (see later). 

The Relation of the Splanchnics to the Yagus . — It was thought that 
’th the splanchnics cut, the small intestine other than the duodenum 
mieht respond to stimulation of the vagus. 

™ Animals were prepared wdth the vagus nerves on electrodes, the 
• f f es were cannulated as described and the animals were then 
decerSrated. T^vo hours later the chest was reopened without 
aeceieu splanchnic nerves w'ere divided. Turn hours were 

anesthesia “paralytic” secretion to be determined. In two 

allowed tor secretion from the duodenum was greatly 

experiments tne latc 

, j tr. Professor J. H. Bum for assistance and advice in con- 
I We are indebtea to v 
ducting these experunents. 
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16.10. 4-0 c.c. of duodenal juice. 

Only a few drops of juice from ileum, but intestines look 

full. 

Peristalsis still active. 

n-40. 6-0 c.c. of duodenal juice. 

1 c.c. of juice from ileum. Peristalsis now slight. 

17.46. Killed. Intestines removed and emptied. 

A total of 21-3 c.c. of juice was collected from the duodenum 
and 30 c.c. from the rest of the small intestine. The stomach 
contained several c.c. of thick mucoid acid secretion. 

In one animal the greater and lesser splanchnics only were cut. 
This gave secretion from both the duodenal and ileal cannulaj, but the 
quantity was less than in those experiments in which all preganglionic 
fibres were cut. 

In two control cats in which the abdominal contents were displaced 
as if for cutting the nerves and received considerable handling no 
juice was obtained from the small intestine. 

Action of Ganglia at Root of Mesentery . — The possibility existed that 
the cells of the coehac ganglia might themselves exert some inhibitory 
action, via the mesenteric nerves. • 

At aseptic operation all preganglionic fibres and a portion of the 
abdominal sympathetic chain were removed transperitoneally. For 
2 to 5 days following this the cats passed loose motions, but there- 
after behaved as normal animals. Some 10 to 14 days later they 
were decapitated, the intestines were prepared as before described and 
the ganglia surrounding the mesenteric artery were then removed. 
These cats gave quite remarkable responses. In the first cat 4-8 c.c. 
of duodenal and 28-3 c.c. of ileal juice were produced in 3i hours, in 
the second 7-6 c.c. of duodenal and 48-4 of ileal juice in 4 hours, in the 
third 5'7 c.c. duodenal and 22-6 c.c. ileal juice in 2J- hours and in the 
fourth S'O c.c. duodenal and 20 c.c. ileal juice in 4 hours. 

The following protocol shows that juice did not fiow till the ganglia 
were removed ; — 

V 

Cat 238a. 

6th March 1939. Ether. Aseptic operation. 

Midline abdominal incision. Gut, etc., pushed to one side 
and splanchnics and all visible branches going to coeliac 
ganglia cut. Portions of abdominal sympathetic chain 
with ganglia taken out. Abdomen sewn up with fine 
silk. 

8th March. In good condition. No diarrhoea. 

11th March. Took only milk, refused meat. Some diarrhoea. 

16th Slarch. In good condition, has been eating well, no diarrhoea. 
Has been starved for the last 24 hours. 
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Cat 212. 

9.15. Decapitated. 

12.45. Two loops of lower ileum were tied off and one denervated. 

17.00. Abdomen reopened. Denervated loop Avas full of secretion. 

Innervated loop AA'as empty. 

18.30. Animal killed. 

From the denervated loop, which was about 7 cm. long, 9 c.c. of 
fluid were collected; the fluid was turbid and contained much mucus. 
The control loop was moist, AAuth little secretion; there were many 
tape worms in it. 

Occasionally, hoAvever, secretion collected in loops whose innerva- 
tion had not been interfered with (this happened three times in seventeen 
experiments). The reason for this is not clear. 

To investigate the matter further, preparations were made in which 
aU the preganglionic fibres to the ccehac ganglia were cut. The 
decapitate animals were prepared as follows : — 

Through a midhne abdominal incision the pancreatic ducts and 
bile duct were tied. A submucous ligature was passed and tied at the 
pyloric sphincter and cannulm were inserted about 8 cm. down the 
duodenum and into the terminal ileum. In some experiments a 
cannula was also put in about half-way doAvn the small intestine. The 
preganglionic fibres were then cut transperitoneally, in some animals 
after a control period of 2-3 hours, in others at the same time as the pre- 
paration of the intestines. It was found in general in this series of 
experiments that those animals secreted best which were denervated 
when the preparation was “fresh.” 

Good secretion was obtained in 6 cats. In 6, more juice was 
obtained from the jejunum and ileum than from the duodenum. In 
one animal 49-5 c.c. of duodenal juice and 19-1 c.c. of ileal juice were 
collected in 5l hours. Details of an experiment are as follows; — 


Cat 224. 
11 . 00 . 
11.40. 


12 . 00 . 

14.15. 


15.20. 


Decapitated. 

Pancreatic, accessory pancreatic and bile ducts tied. 
Submucous ligature tied at pylorus. 

AU preganglionic nerves cut on both sides. Cannulm tied 
into lower end of duodenum and terminal ileum. 
Abdominal window sewn in. 

Operation finished. 

7-5 c.c. sticky duodenal juice. 

7-5 c.c. sticky juice from ileum. 

Since beginning of experiment very active peristalsis of 
smaU gut and csecum. Small gut appears to contain a 

considerable amount of secretion. 

4-8 c.c. juice from duodenum. 

18-0 c.c. juice from Ueum. 
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occurred. The eserine vi^as effective Avhether or not the vagus nerve had 
been cut below the lung root. Atropine stopped its effect and sodium 
luminal (150 mg. per Idlo) nearly did so. In no case in which eserine 
produced a flow of intestinal juice Avas there any secretion of sweat on 
the pads of the feet, of muciTs in the trachea or of saliva. 

The effect of eserine is shown in the following protocol : — 

Cat 108. Female, 3‘00 kg. 

12.30. Ether ansesthesia. 

Bile and accessory pancreatic ducts tied, pancreatic duct 
cannulated. Submucous ligature tied at pylorus, duo- 
denum cannulated and a loop of small gut 15 cm. long 
tied off and cannulated. 

14.20. 0-6 mg. eserine subcuiem. 

14.40. 0'6 mg. eserine subcutem. 

15.00. 0'6 mg. eserine subcutem. 

16.42. 0-6 mg. eserine subcuiem. 

17.00. From stomach 2-1 c.c. of juice. 

From duodenum G-6 c.c. of sticky juice, 1 c.c. neutralises 
0'3 c.c. N/10 HCl; the mucus is not precipitated by adding 
acid. 

From ileum 22-0 c.c. of slightly sticky juice, 1 c.c. neutralises 
0- 1 5 c.c. N/10 HCl ; the mucus is precipitated by adding acid. 

18.05. Drop or two from stomach. 

4-3 c.c. duodenal juice. 

0-8 c.c. ileal juice. 

18.35. 0-6 mg. eserine. 

19.05. 4-1 c.c. duodenal juice. 

12-0 c.c. ileal juice from intestinal loop (from which tip of 
cannula had come out). 

The effect of eserine Avas also tested on a cat bearing a duodenal 
fistula. A dose of O-O mg. was given subcutem to this animal after it 
had been starved to abolish secretion from the fistula. The animal 
rapidly showed signs of excitement, inco-ordination and itching. 
Secretion soon appeared at the mouth of the fistula and continued for 
an hour. The excitement of the animal prevented collection of the 
secretion. 

The secretion produced in the duodenum by eserine was sticky and 
almost clear and had the characteristics described for the juice produced 
by vagal stimulation. That from the small gut differed in being watery 
with no stickiness Avhatever, and even the last portion of as much as 
35 c.c. of secretion collected from a small loop Avas turbid from cells 
floating in it. It was just alkaline to litmus and had no significant 
neutralising value. 

Acetylcholine was given subcutem, after eserinisation, to decerebrate 
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12.00 noon. Decapitated. Duodenum and lower ileum cannnlated. 

Main pancreatic and bile ducts tied. Submucous ligature 
tied at pylorus. 

14.00. Few drops ofjuice present in both cannulse. Ganglia removed. 
15.20. Duodenum I'S c.c. 

Rest of small gut 6-2 c.c. 

16.30. Duodenum 3-2 c.c. 

Small gut 4-8 c.c. 

17.10. Small gut 16-3 c.c. 

17.25. Small gut 8-8 c.c. 

18.00. Duodenum 2-6 c.c. 

Small gut 5-1 c.c. 

11-0 c.c. clear juice in stomach. 

The character of the intestinal juice varied considerably. In some 
cases it contained much thick mucus mixed with opaque white material. 
In others, especially the later portions to be collected, the juice was fluid, 
though usually somewhat turbid. The duodenal juice always pre- 
served the physical characters already described, but it also was turbid. 

From all the experiments on “paralytic” secretion, it can be said 
that cutting the greater splanchnic in the thorax “releases” tbe 
duodenum only and that cutting aU preganglionic fibres “releases” 
the whole of the small intestine; if recovery is allowed after cijtting 
the preganglionic fibres the cceliac ganglia take over an inhibitory role, 
as shoAvn by the free secretion which occurs if they are later removed. 

The Ejfects of Eserine and Acetylcholine. 

As a preliminary to testing the effects of acetylcholine, eserine was 
given to decerebrate animals with the intestines cannulated as usual, 
but with the nerve supply intact. In some cats, instead of the usual 
two doses of 0-6 mg. of eserine subcuiem at 20 minutes’ interval, 
three or even four doses of this amount were given at the same interval. 
While waiting for the drug to take eflTect before giving acet 3 dcholine 
we were surprised to see secretion appear from the cannulm in the small 
intestine and duodenum. This observation was frequently confirmed. 
Quite large quantities of juice could be collected from both portions of 
the intestine. The amount of eserine necessary to produce this effect 
was somewhat variable; in some cats secretion began after only two 
doses of 0-6 mg., and in no cat were more than four doses necessarj’. 
Similarly, there was great variation from animal to animal in the 
frequencj’’ vdth which it was necessary to repeat the administration of 
erine to keep the flow going. In no case was there a failure of secretion 
m the duodenum, but in some cases (two out of seven experiments) 
was a failure of secretion from the small intestine other than the 
duodenum Ro significant increase of secretion from the stomach 
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secreted “normal” intestinal juice, presumably in response to mechanical 
stimulation. Florey and Harding [1936 a and b] transplanted the first 
part of the duodenum subcutaneously in cats and showed that sucli 
denervated fistula) responded to feeding after starvation by secreting 
a clear mucoid juice; no local or artificial stimulation of any sort was 
used. The same fistulaa secreted in response to an intravenous injection 
of highly purified secretin. Nasset ct al. [1935], Nasset [1938], and 
Nasset et al. [1938] performed experiments demonstrating the possi- 
bility of a humoral stimulus to intestinal secretion, but they doubted 
whether secretin was the hormone concerned. They described a new 
hormone, enterocrinin, which they believed was the substance involved. 

The foUoudng experiments on the influence of hormones on secretion 
were performed exclusively on that part of the intestine containing 
Brunner’s glands. 

Cats . — ^We have repeated the transplantation of the duodenum on 
four cats with results which agree with those previously reported. 
There can be no reasonable doubt that some humoral mechanism 
exists in the cat for the activation of the upper part of the duodenum. 
Intravenous secretin caused secretion from these fistulee. 

Pigs . — The humoral control of duodenal secretion has also been 
investigated in the pig. Transplantation methods were again used. 
A portion of duodenum from between the bile and pancreatic ducts 
was isolated [Goodfriend et al., 1938] and placed subcutaneously while 
still retaining its mesenteric pedicle, in the way already described for 
the cat and rabbit [Florey and Harding, 1935 a]. Six weeks later 
the pedicle was cut, thus isolating the fistula beneath the skin of the 
abdominal wall. 

Three pigs were operated on in this way, and in all the fistulae have 
secreted in response to food, even on the day following the cutting of 
the pedicle. The following protocol shows the amounts of secretion 
obtained in one of these pigs with a subcutaneous fistula : — 

The pig was starved for 24 hours, but was allowed water. The 
secretion was then collected. 

1st hour, 0-8 c.c. 

2nd hour, 0*1 c.c. 

3rd hour, 0-0 c.c. 

4th hour, 0-0 c.c. 

The pig was then fed. 

1st hour after feeding, 9-8 c.c. 

2nd hour after feeding, 13T c.c. 

3rd hour after feeding, 13-0 c.c. 

The secretion was typical mucoid duodenal juice. 

Thus in the pig as well as the cat the duodenum secretes a mucoid 
fluid in response to food after all extrinsic nervous influences have been 
removed. 
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cats of 'which the intestines had been cannulated. The maximum safe 
dose for animals irJiich had been prepared as described and had been 
left for 2 hours to avoid anaesthetic effects was 2 mg. This dose gave 
a definite increase in the rate of secretion from tlie small intestine, or 
started secretion if not already present, and gave a slight increase in 
gastric secretion. When, however, a full rate of secretion had been 
excited by four doses of 0-6 mg. eserine, acetylcholine did not increase 
the rate of secretion. The intestinal juice changed somewhat in 
character after gi'ving acetylcholine. The change ranged from an 
increase in the turbidity of the juice, through an intermediate stage 
■with “clots” of cast-off villous epithelium, to a juice in ■which villi and 
some blood were present. At the post-mortem examination the in- 
testines which, had shed villi showed localised hseraorrhagic patches in 
the mucosa up to 1 cm. in diameter from which the %dlii both macro- 
scopicaUy and microscopically were gone. This effect was inhibited 
by atropine sulphate (1 c.c. of a 1 per cent, solution given intravenously). 


Influence of Hormones on Intestinal Secretion. 

Delezenne and Prouin [1904] ■u-ere the first to report an abundant 
secretion from a fistula in response to the intravenous injection of 
secretin-containing preparations. Their fistula was made from tlie 
duodenum (below the pancreatic duct) and upper jejunum of a dog. 
Bottazzi and Gabrieli [1905-06], in acute experiments on dogs, found 
that large injections (15-40 c.c.) of duodenal extracts produced a 
secretion of clear and shgbtly jmllo'n^ juice -n’liich sometimes contained 
mucus and debris; they thought the active substance was a “secretin” 
similar to pancreatic secretin. Poa [1908] could not always obtain a 
secretion by Bottazzi and Gabrieli’s method, and many dogs were lulled 
by the injections. Brynk [1911] failed to confirm Delezenne and 
Prouin when he put 200-300 c.c. of HCl of different strengths into the , 
stomach and got no increased secretion from a Thiry-Vella fistula. 
Delezenne and Prouin had obtained a secretion by this procedure, 
though they were clear that the stimulus came from the intestine, nob 
from the stomach. Prouin [1906] found that the intravenous injection 
f succus entericus itself caused intestinal secretion ; his result is possibly 
°xT)lained by the observation of Volborth [1925] that the deposit from 
^ t stinal juice contains a “secretin” tvhieh stimulates the pancreas 
f+l^uah Prouin noticed no effect on the pancreas from his injections), 
i ° ^ri9341 reported that injections of highly purified secretin products 
intestinal secretion, though his results are perhaps not very 
causea . pave also reported stimulation of intestinal secretion 

clear cut. atroarently non-specific substances [illironescu, 1909; 

a vane 3 1924 a and 6, 1926]. Ivy el al. [1927] noted 

Hirata, iJm. intestine transplanted beneath tlie sldn 
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The pig Avas starved for 24 liours, but allowed AV'ater. The scci’otion 
w'as then collected. 

1st hour, 1-2 c.c. 

2nd hour, 0*3 c.e. 

3rd hour, 0*0 c.c. 

4tli liour, 0-0 c.c. 

The pig was then fed. 

1st hour after feeding, 15-8 c.c, 

2nd hour after feeding, 17-3 c.c. 

4th hour after feeding, 17‘0 c.c. 

Dogs . — Some observations on the effects of starvation and of 
secretin injections were also made on upper duodenal fistute in dogs. 
Ponomarew [Babkin, 1928] Avorked Avith dogs and appears to have been 
the first to prepare fistulas of that part of the intestine containing 
Brunner’s glands. His preparations (2 dogs) gave a small floAV of 
mucoid alkaline juice which appeared to be uninfluenced by stai’Amtion. 
PonomareAA'’s fistulai were presumablj'^ innervated by the vagus, as he 
closed the pylorus by a submucous ligature leaving the muscle intact. 
Plorey and Harding [1934] made fistulas in 2 dogs in AAdiich the stomach 
was cut right across at the pylorus; these fistulre were therefore 
partially denervated. An alkaline mucoid juice Avas obtained — about 
1-5 c.c. per hour — the flow of Avhich AVas reduced but not abolished by 
24 hours’ starA'ation. 

In the present Avork difficulties were encountered in preparing the 
fistula in one operation. Although the surgical procedures appeared 
to be adequate the first three dogs died 3, 5, and 1 1 days after operation. 
There was nothing obvious to account for these deaths as the dogs 
were not greatly shocked after operation and appeared to do Avell until 
they died quite suddenly. By adopting the folloAAung tAvo-stage pro- 
cedure Ave prepared two very satisfactory animals. 

At the first operation the mucosa of the stomach just proximal to 
the pylorus was separated from the muscle by blunt dissection through 
an incision placed longitudinall 5 '^ in the gastric muscle near the greater 
curvature. In this way a minimum of disturbance to the nerves 
passing from the stomach to the duodenum was ensured. The mucosa 
was then cut across and the proximal end inseAvn; the distal end was 
removed as far as the pyloric ring, which Avas then closed by sutures. 
The incision in the gastric muscle Avas scAAm up and a gastro-enterostomy 
was made to the first part of the jejunum. The abdomen was sewn np 
and the animal allowed to recover for 14 days. 

At the second operation the duodenum Avas cut across just above 
the bile duct and the distal end Avas insewn, avoiding compression of 
the bile duct. The proximal cut end Avas brought to the surface in the 
upper part of the midline abdominal incision and sewn to the muscle 
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Fullj' innervated fistulas of the pig’s duodenum have been made for 
comparison with the foregoing isolated fistulas. As this type of fistula 
has not been prepared before in tlie pig a description of the method 
is given. 

A young pig (usually iveighing about 12 kg.) was starved for 24 
hours before oiseration. Open ether anmsthesia was used. The pyloric 
end of the stomach was brought out through a midline incision. A cut 
was made through the muscle, parallel to the long axis of the pylorus, 
and the mucosa was dissected off the muscle all round the pylorus with 
as little disturbance to the muscle as possible. The mucosa was then 
cut through, the upper cut end was insewn and the lower part was 
excised as far as the beginning of duodenal mucosa. The bared gastric 
muscle was brought together by a few loose stitches and the longitudinal 
cut in the muscle wms sewm up. In this way the lumen of the duodenum 
was separated from that of the stomach, w'hile leaving the nervous 
pathways in the muscle and along the vessels intact. Next the bile 
duet w'as detached from the duodenum; in some cases a piece of duo- 
denal mucosa round the entrance of the duct was excised, in others 
the duct Avas cut across where it entered the intestinal muscle. The 
hole left in the duodenum was sewn up. The duodenum was cut 
across above the pancreatic duct. The louder cut end was insewn and 
the bile duct was anastomosed to this part of the duodenum near the 
suture-line. If the papilla had been excised with the duct the mucosa 
surrounding it was sewm into a small hole in the duodenum. If the 


duct had been cut across the best procedure was found to be to tie a 
glass cannula into the free end of the duct; a short piece of rubber 
tubing was slipped on to the cannula to make subsequent manipulations 
easier. A small hole was made in the duodenum through which the 
rubber tube was pushed, foDow'ed by the glass cannula and the cut end of 
the duct. A purse string suture previously placed around the hole in 
the gut wms tied round the duct and cannula and, to hold it more firmly, 
the duct was sutured into an appropriately placed gutter made by 
infolding the walls of the duodenum. We consider this procedure 
easier than transplanting the papilla of the bile duct. A gastro- 


enterostomy Avas made to a convement loop of intestine. The upper 
cut end of the duodenum rvas brought to the midline abdominal 
incision to form the opening of the innervated duodenal fistula. 
Animals so operated have been kept in health for months after opera- 
tion. Three were killed for reasons unconnected with the fistula at 
2 6 and 7 months after operation; one is in good condition at the 
time of writing, 8i months after operation. 

Such a fistula secretes considerable quantities of mucoid juice, 
pvactlv similar in physical appearance to that secreted by a totally 
^ ted fistula These fistulm also react to starvation and feeding 
fn th7same way as the denervated fistulm; for example.— 
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occurred. When the secretin was given during stimulation of tlio vagus 
there was similarly no increase in nlkilinity.^ 

Effects of Histamine . — Koskowski [192G] stated that subcutaneous 
histamine injections caused a secretion of intestinal juice from a Thiry- 
VeUa fistula in dogs. Ho did not, however, give any figures of the 
quantities obtained. Nechoroschew' [1929], using dogs with fistula? 
and decerebrated cats and dogs, also concluded that histamine given 
enterally caused an increase in the motor and secretory activity of the 
intestine. Prom his description it is difficult to know exactly how' his 
experiments were done and the amounts of intestinal secretion reported 
were very small. Cajori [1933] examined histamine juice produced 
from dogs reported on later by Berndt and Ravdin [1934]. These 
authors used a modified Thiry loop with Johnson’s [1932-33] catheter. 
They noticed a considerable increase in the amount of secretion following 
the subcutaneous administration of histamine. The increase reached 
its maximum half an hour after the injection. On the contrary Lim 
et al. [1922-23] found no e\ndence of a secretory effect on the human 
duodenum. Plorey and Harding [1934], from experiments on decere- 
br^e cats, concluded that histamine did not stimulate the secretion 
of Brunner’s glands. 

In the decerebrate cat, in the present series of experiments, we 
were not able to collect any secretion from the duodenum after 3-5 mg. 
histamine phosphate, given subcutaneously in divided doses. The 
stomach secreted 85 c.c. of watery acid juice during an experiment 
w 1 C lasted 4 hours, but no fluid appeared in the duodenum. The 
a ministration of eserine then gave a copious flow of duodenal secretion, 
s lowing that the failure of secretion was not due to ani^ fault in the 
preparation. 

It is possible that some of the positive effects reported were due to 
le iberation of acid gastric juice which passed into the intestine to 
1 erate a hormone acting on the intestinal mucosa (c/. section on 
hormone stimulation). 

Histological Investigations. 

Stirnulation of the vagi causes great depletion of the mucin eon- 
ained in Brunner’s glands ; in some cases almost complete exhaustion 
occurs (figs. 1 and 2). 

The effect on the crypts of Lieberkuhn was in some experiments 
negligible, but in others there was flattening of the epithelial cells 
with apparent dilatation of the lumina of the crypts, in which there was 
coagulated material. 

Brunner’s glands also showed evidence of exhaustion following 
section of the splanchnics, and in some specimens there was oedema of 

The late Professor J. Mellanby very kindly supplied the secretin used in these 
experiments. i 
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and Sinn The ammals were fed on milk, syrup and crushed biscuit, 
vith meat after the first 3 days. Tliey are alive and well 2} and 3 
months respectively after the second operation. The fistulce" secrete 
a c ear mucoi juice which has floating in it small white flecks of 
debris some of wliich are difficult to centrifuge out. The juice is 
ei ler co our ess or faintly broivn. The following are some figures 
1 us la mg the effects of 24 hours’ starvation and subsequent 

iifter 24 houis starvation (water allowed) a pot was tied over the 
opening of the fistula. 

1st hour, 0-0 c.c. 


2nd hour, 0-0 c.c., fistula completely dry. 

hour, 0-0 C.C., fistula completely dry. 
The dog was then fed. 


1st hour after feeding, 0-9 c.c. 

2nd hour after feeding, 1-3 c.c. 

3rd hour after feeding, 1-5 c.c. 

The other dog gave a similar result and secreted 1-6, 2-1, 2-0 and 
2-0 c.c. of juice in the first 4 hours after feeding. The fistulce in these 
dogs therefore reacted to starvation in the same way as those in cats 
and pigs, and gave decisive evidence that a flow of juice is produced 
by feeding in this species. 

Injections of crude secretin were also given : 

Dog 1. The dog ivas starved as before. In the two hours before 
the injection no juice could be collected. 2 mg. of secretin were injected 
intravenously and in the next half-hour 0-8 c.c. of typical sticky 
duodenal juice was collected. This rate was approximately the same 
as that after giving food. 


Dog 2 was also starved. No juice could be collected before the 
injection and the mucosa looked dry. 2-5 mg. of secretin were injected 
and secretion was seen inside the fistula vitliin 2 minutes. About 
0-5 c.c. was collected in the 15 minutes after the injection, but as the pot 
slipped an exact measurement was not obtained. 

Ac 2 i(e Experiments . — The evidence for a humoral control of the 
duodenal secretion received support from experiments done vith 
decerebrate cats. To test the efiect of secretin the intestine and 
pancreatic duct were cannulated in the usual way. A dose of secretin 
which gave 2 c.c. of pancreatic juice gave 0-3 to 0-5 c.c. of tenacious 
mucoid secretion from the duodenum. Similar secretion occurred each 
time the dose was repeated. 

It was thought that the secretin might afiect the Brunner’s glands 
in the same way as the pancreas, exciting an outpouring of alfcafi as 
well as mucus. A free flow of eserine juice was excited before the 
secretin was given to animals prepared as usual. The alkalinity of the 
juice was compared before and after the secretin; no significant increase 
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Brunner’s glands exhausted of their muem following vagal 
frPfi r Wide lumma of alveoli, traces of darkly stained mucin at the 

ers of the alveolar cells and the rounded clearly seen nuclei each with 
its nucleolus. 


Part II, Enzyme Investigations. 

Introduction. 

Duodenal Juice. — Little work has been done on the digestive function 
o juice from the Brunner’s gland area, because in all species it is a 
small part of the intestine and relatively dilScult of access. Cohn 
[1854] collected duodenal juice from the horse and accurately described 
Its physical characters. Kuhne [1868] stated that the Brunner’s gland 
wea gave a viscous extract which did not digest fat, and Brown and 
eron [1879-80] found that this distinctive extract had the most 
ee ^ digestive power of any extract from the small intestine. The 
t. Petersburg school (working entirely, so far as is known, with dogs) 
reported that duodenal juice contained pepsin and rennin-hke enzymes 
[Ponomarew, 1902, quoted by Babkin, 1928; Pawlow and Parastschuk, 
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the tips of the villi. Eserine also produced histological evidence of 
ac ivi y 0 ^ runner s glands in some cases, but ivhen acetylcholine 

^ as a so a ministered great exhaustion of these structures was apparent, 
n near y all experiments using acetylcholine, however, there was 



Fig. 1-— ^veoli of Bijmner’s glands from a cat starved during the previous 
24 liours. Muem (stained with gentian violet) can be seen to fiU the alveolar cells, 
the nuclei of which are flattened towards the cell-base. 


damage to the mucosa varying from slight haemorrhages in the villi 
to desquamation and destruction of the superficial mucosa. 

In the JMoreau-type experiment the appearances w'^ere variable. 
In some there w^as considerable destruction of the surface epithehum, 
while in others, even if the secretion had been good, no such thing 
occurred. In some cases there was flattening of the epithelial cells 
of the crypts, while the villi retained their normal appearance. 

To sum up, such histological observations as have been made fully 
bear out the experimental data concerning the activity of Brunner’s 
glands, but the present collection of material does not give any clear- 
cut or consistent histological picture of the efiects of the various 
procedures on the other intestinal structures. 
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Pig. 2. — Alveoli of Brunner’s glands exhausted of their mucin following vagal 
stimulation. Note wide lumina of alveoh, traces of darkly stained mucm at the 
free borders of the alveolar colls and tho rounded clearly seen nuclei each with 

its nucleolus. 


Pakt II. Enzyme Investigations. 

Intkoditction . 

Buodenal J nice .. — Little "work has been done on the digestive function 
of juice from the Brunner’s gland area, beeause in all species it is a 
small part of the intestine and relatively difficult of access. Colin 
[1854;] collected duodenal juice from the horse and accurately described 
its physical characters. Ktihne [1868] stated that the Brunner’s gland 
area gave a viscous extract which did not digest fat, and Brown and 
Heron [1879-80] found that this distinctive extract had the most 
feeble digestive power of any extract from the small intestine. The 
St. Petersburg school (working entirely, so far as is known, with dogs) 
reported that duodenal juice contained pepsin and rennin-like enzymes 
[Ponomarew, 1902, quoted by Babkin, 1928; Pawlow and Parastschuk, 
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1904] and a feeble or inconstant amjdase, invertase, and lipase [Pono- 
niaiew]. Abderhalden and Rona [1906] confirmed the pepsin-like 
enzyme. Pavlov [1910] said that trypsin was chiefly activated by the 
duodenal secretion. In 1934 Plorey and Harding, using rather crude 
methods, tested for enzymes in juice from duodenal fistulas in the goat, 
pig, dog, cat and rabbit. They' found a pepsin-like enzyme in the goat 
and dog, and a trace of lipase in the dog. 

Juice from the Jejunum and llcjim. — In contrast with duodenal 
juice, the succus entericus from the rest of the small intestine has often 
been investigated. Prerichs in 1846 claimed to be the first to tie off 
an empty loop of small intestine and collect and describe the juice 
which accumulated in it. The same method was used by Colin [1854], 
but was superseded in 1864 by Thiry’s operation for mailing a permanent 
fistula, subsequently'- modified by^ Vella [1888]. 

A great many experiments were reported in the fifty^ years after 
Thiryf described his operation, culminating in a spate of work from the 
St. Petersburg school after 1899, summarised by Pavlov in The Worh 
of the Digestive Glands [1910]. Chemical methods -were primitive and 
possible fallacies often not recognised, so nothing is to be gained by 
reviewing the work of this period in detail; there were many negative 
results, but the enzymes reported present by one or another worker 
included amylase, invertase, maltase, lactase, arginase and trehalase, 
splitters of fibrin, egg albumen, meat and casein, a rennin, a lipase, a 
fat emulsifier, splitters of peptone and peptides (erepsin), and 
enterokinase. 

Recent workers have also found a variety of enzymes. Orbeli and 
Sawitch [1917] found in human intestinal juice amylase, invertase and 
maltase, lipase, erepsin and enterokinase, but no lactase. In human 
ileal juice, Hermann and Ribere [1931] found no enzyme digesting egg- 
white, a doubtful hpase, a strong invertase, feeble amylase and entero- 
kinase, and an erepsin which -w^as strong during digestion and weak or 
absent in starvation. Bickel and Kanitz [1934] found amylase and 
erepsin, but no lipase, in mucus-free samples of uncentrifuged human 
juice. 

In dog intestinal juice Roger and Binet [1921] found lipase, le Breton 
and Mocoroa [1931] found peptidase and enteroldnase but no trypsin- 
like enzyme, and Koskowski [1926] found amylase and invertase, but 
described them as endo- (i.e. cell) enzymes. Schwichtenberg and 
Burget [1931-32], using juice from closed intestinal loops, found in- 
vertase in 75 per cent, of jejunal and 50 per cent, of ileal samples, and 
lipase occasionally. Pierce et al. [1935], who macerated the deposit 
with the supernatant juice, found amylase, invertase, maltase, lactase, 
in and a feeble lipase; casein and albumen were not digested at 

6 but gelatine was slightly digested when bile was present. Cajori 
[1933] found feeble erepsin and invertase, w'hich he thought came 
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from ruptured cells, and a stronger amylase and [1935] traces of 
lactase. 

Babkin [1928], in his review of intestinal secretion, stated that feeble 
amylase and lipase, stronger invertase, maltase and lactase and also 
nuclease, erepsin and enterokinase were present in the juice. 


Sources of Reported Enzymes. 

Intestinal juice consists of a secreted fluid together udth intestinal 
bacteria and cast-off cells, so that beside the secretion possible sources of 
enzymes are bacteria and ruptured cells. Traces of gastric and pan- 
creatic enzymes adhering to the mucosa could be found in acute or 
recent preparations. 

Leube [1868] found that filtered juice did not always digest cane- 
sugar, whereas the whole juice did so, and he was the first to suggest 
that the enzymes originated in the “Flocken” and passed from them 
into the fluid part of the juice. 

The “Flocken” of the German literature were floccules of mucus 
mixed with opaque matter which sank in the juice; they were present 
in juice obtained by a variety of methods of stimulation. As an ex- 
treme instance, Masloff [1882] reported a mass occupying a third of the 
volume of the juice. Microscopic examination showed the floccules to 
contain “mucous cells” [Masloff], round cells [Dobroslawin, 1870], 
leucocytes [Gumilewski, 1886], “fat” from cell debris [Rohmann, 1887], 
and coccoid bacteria [Pregl, 1895]. The cells were usually very de- 
generate. Hermann and Ribere [1931] found leucocytes, desquamated 
epithelial cells and mucus in juice from a human fistula. Even in 
relatively clear juice a small deposit can usually be obtained on centri- 
fuging and shown to consist of amorphous material containing bacteria 
and a few still recognisable cells [Florey and Harding, 1934]. Kiihne 
[1868] was one of the few workers who described juice from a fistula 
as being clear and free from floccules. 

Ramond [1904] observed that mucosal cells and leucocytes were shed 
from the mucosa of the intestine during digestion. In the fistula, 
peristalsis and the normal growth of the mucosa may similarly cause 
cells to be shed into the juice, while partial obstruction or slight 
sepsis at suture-lines would account for the presence of polymorphs 
and of non-intestinal bacteria. Leube found that solid matter 
accumulated in the fistula during starvation, when no fluid was being 
secreted. 

(a) Cell Enzymes . — ^No one disputes that the epithelial cells of the 
intestinal mucosa contain enzymes which can split food substances, for 
example, peptidase (erepsin) [Cohnheim, 1901] and invertase [Paschutin, 
1871; Bernard, 1873]. Less is knorvn about the enzymes of round 

cells and polymorphs. A number of workers have compared turbid 
VOL. XXX., NO. 1.— 1940. 7 
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or mucoid juice or centrifuged deposit, which would all be likely to 
contain cell debris, with clear or fluid juice. 

Kuhne [1868] compared clear fistula juice, which did not digest starch, fat, 
albumen or meat, with juice obtained by other workers from tied-oS loops 
which, owing, he believed, to pancreatic enzjTncs or to solid matter, digested 
those substrates. Tubby and Manning [1892] noticed that starch and cane- 
sugar were more often digested by the mucous than by the fluid part of the 
juice from a human fistula. Frouin [1900] found saponification of fats by 
whole juice from dog fistulm, and by the centrifuged deposit, but not by centri- 
fuged and filtered juice. Bierry and Frouin [1906] found that at the height 
of secretion dog fistula juice was turbid owing, they believed, to cell debris 
separated from the fistula by peristalsis. By first washing out the fistula they 
were able to collect clear juice. Both turbid and clear juice were centrifuged 
and passed thi-ough a Berkefeld filter. The clear juice digested maltose, not 
starch or cane-sugar; the turbid juice digested maltose, starch, cane-sugar 
and trehalose ; extracts of intestinal mucosa treated in the same way digested 
the same four carbohydrates. Jansen [1910] with dog fistulm found that the 
mucoid part of the juice was more lipolytic than the supernatant fluid- 
Koskowski [1920], also working rvitli dogs, compared clear juice, turbid juice, 
and turbid juice which had been shaken with glass heads to break up the cells, 
the first two digested starch and cane-sugar feebly, the last strongly^. 


These all found that the digestive power of turbid or mucoid juice 
was stronger than that of clear or fluid juice. On the other hand 
Dobroslawin [1870] found that floccules suspended in water were less 
amylolytic than filtered juice. Hamburger and Hekma [1902 and 1904] 
found that both filtered and unfiltered juice digested casein, peptone, 
starch and cane-sugar, and that both contained enteroldnase; their 
subject was a human patient and it is likely that unfavourable con- 
ditions such as a long time or a high temperature ' during collection 
might lead to ceils breaking up and liberating their enzymes before 
the juice was filtered; relatively rough chemical tests might then fail 
to show anj^ difference in the digestive power of the two kinds of juice. 
The same fallacies may account for the finding of amylase, invertase, 
erepsin and enteroldnase by Hermann and Ribere [1931] in human 
fistula juice in spite of prolonged and vigorous centrifuging. Foa [1968] 
took precautions against cell enzymes by centrifuging dog fistula jmce 
as soon as it was collected and later passing it through a bacteriological 
filter and it is a pitj that his chemical methods do not justify his 

conclusion that peptone was digested. 

Pierce et al. [1935] showed, like the earlier authors quoted, that 
trifuged juice digested several substrates feebly, but that juice 

u ha A been shaken urith glass beads to macerate the deposit 
wnicn uau rio-nnoif. 



• nmiiOUS* it appeareu vuaguiarea 

mainly am i -a^^tihors thought it seemed “certain that the 

particles adsorb the enzymes or are the enzyme 
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proteins themselves.” They adduced no cliemical or other evidence 
for this supposition, but supported it [Nasset cl al., 1935] by calculating 
that 0-5 mm. of mucosa would have to be shed from the surface of a 
Thiry fistula to produce the amount of solid material in a G-8-hour 
collection of juice. Their method of collection, however — ^passing a 
catheter to the end of the fistula — may damage the mucosa and rub 
off many cells. 

Nearly all other authors who have considered the point have con- 
cluded that some of the enzj’’mes reported in intestinal juice are endo- 
enzymes from the mucosal cells and not exo-enzymes secreted into the 
juice. Gamgee [1893] reviewed earlier work and concluded that 
amylase was in the juice, but invertase was mainly in the cells; Bierry 
[1912] and Bierry and Frouin [1906] thought that maltase rvas secreted, 
but invertase was in the ceUs; Euler and Svanberg [1921], discussing 
invertase only, thought that it came from ceUs and Koskowsld [1926] 
that the amylase and invertase found in the juice were both cell- 
enzymes. Eohmann and Nagano [1903], working on absorption, 
concluded that cane-sugar and maltose were spht partly in the gut 
lumen but mainly in the mucosa during absorption, and that lactose was 
not split by the juice and only sUghtly in the mucosa. Cajori [1933], 
who combined investigation of the juice with experiments on absorption 
from the fistula, found that starch was digested by the juice and 
absorbed from the fistula at about the same rate, but that the juice 
secreted in a given time only split a small proportion of the cane-sugar 
and peptone which could be absorbed from the fistula during the same 
length of time, and he concluded that certain food materials were mainly 
digested during their passage through the mucosa. Starling [1911] 
mentioned that a similar view was held by many physiologists. More 
recently Howell [1926] wrote; “Experiments have shown that this 
liquid (the intestinal secretion) has little or no digestive action except 
upon the starches, and it may perhaps be doubted whether it is a true 
digestive secretion. Extracts of the walls of the small intestine or the 
juice squeezed from these walls have been found, on the contrary, to 
contain four or five different enzymes and to exert a most important 
influence upon intestinal digestion. These enzymes belong probably 
to the group of endo-enzymes, and are not actually secreted into the 
lumen of the intestines. While they are not, strictly speaking, con- 
stituents of the intestinal juice, nevertheless it is their action on the 
food which forms the characteristic contribution to the process of 
digestion made by the glands of the intestinal wall." 

(b) Bacterial Enzymes . — ^Leube [1868] noticed that his digest 
mixtures became acid and found “vibriones” in them. Kiihne [1868] 
discussed the theory that Pasteur’s organisms were responsible for 
digestion, but argued that higher animals must be as capable of produc- 
ing chemical ferments as the little “torulaces and vibriones.” Masloff 
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or mucoid juice or centrifuged deposit, ndiicli would aU be likely to 
contain cell debris, ivith clear or fluid juice. 


niinminv. fistula juice, wliicli did not digest starch, fat, 

ii»i,: 1 meat with juice obtained by other workers from tied-off loops 

+i,r.^^’ pancreatie enzymes or to solid matter, digested 

^ Manning [1892] noticed that starch and cane- 

^ nioic often digested by the mucous than by the fluid part of the 
juice from a human fistula. Frouin [1906] found saponification of fats by 
o e juice loin dog fistulao, and by the centrifuged deposit, but not by centri- 
liiged and filtered jince. Bieiry and Frouin [1906] found that at the height 
o secie ion dog fistula juice was turbid owing, they beh’eved, to cell debris 
separated from the fistula by peristalsis. By first washing out the fistula they 
nere able to collect clear juice. Both turbid and clear juice were centrifuged 
an passed thiough a Berkefeld filter. The clear juice digested maltose, not 
s arc 1 or cane-sugar; the turbid juice digested maltose, starch, cane-sugar 
ana treJialose; extracts of intestinal mucosa treated in the same way digested 
the same four carboliy-^ates. Jansen [1910] with dog fistulai found that the 
mucoid part of the juice nms more hpolydic than the supernatant fluid. 

os vOw ski [19^6], also worWng wath dogs, compared clear juice, turbid juice, 
and turbM juice which had been shaken ivith glass beads to break up the cells; 
the first two digested starch and cane-sugar feebly, the last strongly. 


These all found that the digestive power of turbid or mucoid juice 
was stronger than that of clear or fluid juice. On the other hand 
Dobroslawin [1870] found that floccules suspended in water were less 
amylolytic than filtered juice. Hamburger and Hekma [1902 and 1904] 
found that both filtered and unfiltered juice digested casein, peptone, 
starch and cane-sugar, and that both contained enterokinase; their 
subject was a human patient and it is likely that unfavourable con- 
ditions such as a long time or a high temperature during collection 
might lead to cells brealdng up and liberating their enzymes before 
the juice was filtered; relatively rough chemical tests might then fail 
to show any difference in the digestive power of the two kinds of juice. 
The same fallacies may account for the finding of amylase, invertase, 
erepsin and enterokinase by Hermann and Ribere [1931] in human 
fistula juice in spite of prolonged and vigorous centrifuging. Foa [1 908] 
took precautions against cell enzymes by centrifuging dog fistula juice 
as soon as it was collected and later passing it through a bacteriological 
filter, and it is a pity that his chemical methods do not justify his 
conclusion that peptone was digested. 

Pierce ct ol. [1935] showed, hke the earlier authors quoted, that 
centrifuged juice digested several substrates feebly, but that juice 
which had been shaken ufth glass beads to macerate the deposit 
digested them more strongly. The deposit, which varied in amount 
and was often considerable, contained a few mucosal cells, but was 
mainly amorphous; it appeared “hke a partially coagulated state of 
the proteins” and the -authors thought it seemed “certain that the 
solid or semi-solid particles adsorb the enzymes or are the enzyme 
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In addition, certain comparisons have been made. The duodenal 
juices obtained from acute cat preparations by different stimuli (sym- 
pathetic section, administration of escrine, etc.) have been compared 
until each other and with juices from other levels of the small intestine 
produced by the same stimuli. The duodenal juices obtained from 
permanent fistulie in five different species of animal liave also been 
compared. The distribution, cellular constitution, and staining pro- 
perties of Brunner’s glands vary from species to species [Elorey and 
Harding, 1933, 1934; Carleton, 1935], which justifies a search for 
differences in the properties of the secretion. Thirdly, a comparison 
has been made between juice secreted in response to natural liormonal 
stimuli alone and in response to nervous and hormonal stimuli together, 
i.e. between juice from denervated and innervated fistulse. Bowie 
and Vineberg [1935] showed that in the stomach histamine produced a 
maximal secretion of HCl but no pepsin, whereas stimulation of the 
vagus produced both acid and pepsin. Pancreatic secretion also varies 
according to the stimulus applied. It was thought that changes of 
the same sort might occur in the enzyme content of the duodenal 
secretion. 


Methods. 

The methods used for obtaining juice from acute preparations and 
for making permanent fistulas have already been described. 

Collection of Juice from. Permanent Fistulce. 

The duodenal fistuljB, both transplanted and innervated, secreted 
spontaneously during digestion in all the five species of animal used and 
the rate of secretion remained constant for each animal for months. 
Nothing is known about the methods used by Ponomarew and other 
Russian workers for collecting juice from duodenal fistulse. The 
majority of workers on the jejunum and ileum have inserted a catheter 
into the fistula to drain it and, by mechanical stimulation, to increase 
the output of fluid. Thiry [1864] and Rohmanu [1887] believed fluid 
obtained in this way to be the normal output of the intestinal glands, 
but Boldyreff [1928] stated that it differed from spontaneously secreted 
juice in having weaker enzymes and an inconstant composition, and 
believed it to be a mixture of exudate and natural juice. Pavlov 
[1910] believed that a protective secretion of water was produced, as 
the kinase content of the juice fell rapidly during a period of mechanical 
stimulation. Mechanically stimulated juice necessarily contains an 
abnormal number of epithelial cells and sometimes blood. 

By tying a small crucible or pyrex pot over the mouth of a duodenal 
fistula it is possible to collect spontaneously secreted juice rvithout 
touching or stimulating the mucosa in any way. This method has 
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[18S2] noticed that solution of fibrin only occurred when the smell of 
the juice indicated decomposition and microscopy showed bacteria. 

Many workers used antiseptics to prevent bacterial action. Masloff 
used thymol and discussed whether it inhibited the enzyme action he 
was looldng for; Mendel [1896] used thymol or sodium fluoride; 
Widdicombe [1902] found that thymol effectively inhibited bacterial 
action , Boidjweff [1900-07] used calomel or thymol ; Sawitch [1917] used 
several different antiseptics separately or together and had identical 
results with all, and Bierry [1912] passed the juice through a Berkefeld 
filter or used three different antiseptics together. Bastianelli [1892] 
took more elaborate precautions, washing out the fistula with thymol 
before collecting the juice and using sterilised vessels; the juice con- 
tained floccules and shreds of mucosa and he found that starch and 
cane-sugar were digested and that egg-wliite, fibrin and albumose were 
not. Jliura [1895], when investigating the inverting properties of the 
intestinal mucosa of animals, ingeniously used the mucosa from stillborn 
infants as a sterile control; he concluded that inversion by the mucosa 
Avas independent of bacterial action. Hamburger and Hekma [1902] 
cultured the juice from their human patient and inoculated the growth 
into boiled juice and, after incubating, used the culture or its filtrate 
as a control to fresh juice ; tliey showed that the culture or its filtrate did 
not activate trypsin, w'hereas the fresh juice did. 

Bacterial enzymes probably caused digestion, as Masloff suggested, 
in early experiments, rvhen food substances were left in the juice or 
even inside the fistula for several days and solid pieces of meat, fibrin 
or coagulated egg-white were found to be “dissolved,” But later 
experiments lasted a shorter time and rvere done in vitro, and those 
Avorkers who took steps to lessen bacterial action found no difference 
in the results of the tests. 

Summarising the literature, juice from duodenal, jejunal and ileal 
fistulae clearly contains a number of enzy^mes which digest food sub- 
stances. The enzymes do not appear to be bacterial, but there is 
considerable evidence that some of them come from autolysed cells and 
are not secreted with the fluid part of the juice. Possible exceptions are 
amylase and perhaps maltase; the source of the enterokinase in the 
juice has not been thoroughly^ investigated. 

Preserit Work. 

The experiments described in the first part of this paper have given 
the opportunity to investigate the digestive action of duodenal juice 
obtained by a Amriety of experimental methods. Since many samples 
of juice were almost cell free, while others contained many cells, it has 
been possible to deduce some of the digestive properties of the secreted 
fluid as distinct from those of the v.'hole juice. 
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When a few drops or a loopful of the incubated digest at eaeli pH 
were cultured on agar slopes, the cultures were usually sterile; some- 
times they grew one or two colonies. The presence of colonies bore no 
relation to the occurrence of digestion, and a sterile digest and one 
which grew a colony gave identical results when digestion was estimated. 


MeOiods of Testing for Enzymes. 

The foUow'ing buffer solutions -were used : — 

pH 2-8: Sorensen’s buffers [Clark, 1928]; 

i.e. pH 2, 3, and 4, citrate-HCl; 
pH 5 and D, citrate-NaOH; 
pH 7, phosphate; 
pH 8, borate-HCl; 

pH 8 and 9, veronal-HCi [Michaelis, 1930]. 

The borate buffer was used at pH 8 for ammonia estimations as the 
veronal buffer was found to give off small amounts of a volatile base 
after incubation. The veronal buffer w'as used for all other methods. 

1. Proteases. — ^The substrates w^ere 5 p.c. egg albumen, 3 p.c. 
gelatine and 5 p.c. casein (“soluble” or Hainmarsten’s casein from 
Schering-Kalilbaum). Each experiment wms set up at pH 2, 4, 6 
and 8 or at pH 2, S, 7 and 9. In a few early experiments digestion 
was looked for by estimating increases in amino-nitrogen, but the method 
was abandoned as the increase would be too small if digestion proceeded 
only to the poly-peptide stage. In subsequent experiments the digest 
was treated with trichloracetic acid or colloidal iron and increase in. 
non-precipitable nitrogen was estimated by micro-Kjeldahlisation 
followed by micro-estimation of ammonia [Conway and Byrne, 1933; 
Conway, 1935]. 

2. Cathepsin. — Eor activation, the juice (4 c.c.) was incubated with 
H^S water (1 c.c.) at 37° C. for half an hour. The HjS was then removed 
in vacuo at room temperature and the juice was set up for digestion 
with gelatine and either albumen or casein at pH 4, 6 and 8 or pH 5 
and 7 . Increase of non-precipitable nitrogen was estimated as above, 

3. Paly- and Di-peptidase. — The substrates were 5 p.c. “Difeo” 
bacto-peptone and 1-25 p.c., 3 p.c. or 5 p.c. glycyl-glycine (Hoffmann- 
La Roche). Each experiment was set up at pH 2, 4, 6 and 8 or at 
pH 2, 5, 7 and 9. The criterion of digestion was increase in amino- 
nitrogen, estimated by the semi-micro-method of Van Slyke [1913-14]. 

4. Amylase. — The substrate was 1 p.c. boiled potato starch 
solution. Each experiment was set up at three or four different H-ion 
concentrations between pH 4 and pH 9. The criterion of digestion 
was increase in reducing power. Hagedorn and Jensen’s [1923] 
method for estimating reducing substances was used at first, but later 
was replaced by Miller and Van Slyke’s [1936] method, in which ferro- 
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been used throughout tlie present u^ork. As soon as possible after 
collection the juice was centrifuged fast enough to throw down macro- 
scopic particles, and was immediately poured off from the deposit. 
Then it was shaken with toluol and put in the ice-chest till it was used, 
usually the next day. 

Appearance of Juice. 

Acute juices obtained by vagal stimulation, splanclmicotomy and 
eserinisation were opalescent and had a small deposit. Post-ganghonio 
sympathectomy juice was turbid with, cells. Acetylcholine juice was 
turbid with cells and often contained whole villi and blood. 

Permanent Fistulce . — Pig juice was usually clear, sometimes faintly 
turbid, and there was usually a small deposit after centrifuging. Cat 
and rabbit juice were almost always water-clear and often there was 
no visible deposit. Goat juice was clear or shghtly cloudy. Dog juice 
more often than the others contained fine fioccules; sometimes they 
came down completely on centrifuging, but sometimes the finest 
particles remained behind and made the juice faintly turbid. The juice 
from any animal might occasionally be tinged yellow’^ or brownish, presuni- 
ably by blood pigments ; very occasionally a few red blood corpuscles 
were present. There was no difference in appearance or consistency 
between juice from transplanted and innervated fistulas. Centrifuged 
deposits consisted of mucus and disintegrating epithelial cells. 

Precautions Against Extraneozis Enzymes. 

1. Gastric and Pancreatic Enzymes . — These were removed in all 
acute experiments by carefully washing out the loop of intestine with 
saline, or by throwing away the first few c.c. of juice collected. 

2. Cellular Enzymes . — The first precaution with permanent fistulas 
was never to collect juice until the fistula wms perfectly healed, the 
second was not to touch the fistula during the coUeetion so as to avoid 
rubbing off any mucosal cells, and the third, which applied to acute 
and permanent preparations, was to centrifuge off as many cells as 
possible immediately the juice had been collected. 

To show the effect of epithelial cells collections of duodenal and 
jejunal juice were divided into two parts. One part was centrifuged 
and to the other small amounts of scrapings of intestinal mucosa were 
added. Tests for di-peptidase and invertase showed that, whereas the 
centrifuged juices did not digest the substrates, strong digestion occurred 
in the samples which contained mucosal scrapings. 

3 Bacterial Enzymes . — The juice was shaken with toluol as soon as 
it had been centrifuged, unless it was to be used immediately. Toluol 
was also added to all digest mixtures except in the few lipase tests 
which only lasted 6 hours. About 4 drops were added to each c.c. 

of the mixture. 
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Method of Testing for Lysozyme. 

After centrifuging the juice at 5000 r.p.in., serial dilutions were 
set up against an 18-hour culture of Micrococcus Lysodeikticus sus- 
pended in saline, the opacity of the suspension being equivalent to 
No. 4 Ba sulphate standard. Tlie titre was taken as the liighest 
dilution at which complete lysis, read macroscopically, occurred after 
incubation for 1 hour at 37° C. Some tests were read again after 
standing for 12 hours at room temperature. The method is essentially 
the same as that of Goldsworthy and Elorey [1930]. 

Results. 

The tables summarise the enzymes tests on juices obtained by 
different methods and from different animals. Every test has been 
entered on the tables, so there is no selection of results. A few 
qualitative tests which were done at the beginning of the work are 
included for completeness. 

Enzyme Tests on Juices from Acute Preparations (Table I.). 

Three complete tests for protease, on cat duodenal juices obtained 
by two different methods, were negative. Three tests on duodenal and 
two on lower intestinal juice set up at pH 7 only were also negative. 

Di-peptidase. — The one test on rabbit duodenal juice was negative. 
With cat juice, 10 out of 12 duodenal and 2 out of 4 lower intestinal 
samples were negative. The four juices which gave positive results 
were exceptionally cellular; one each of these duodenal and lower 
intestinal samples was obtained by acetylchohne stimulation, which 
usually brings off villi and fragments of mucosa, and in these particular 
juices the cellular floccules, instead of being centrifuged out, were 
chopped to distribute them evenly through the juice, so that it would 
have been surprising if peptidase had not been present. (The one 
uncentrifuged acetylcholine juice which did not digest the di-peptide did 
not contain floccules.) The other two positive results came from 
duodenal and lower intestinal juices collected after cutting the post- 
ganghonie sympathetic nerves; these juices were opaque even after 
centrifuging and were the most turbid juices used in any experiment. In 
these four positive experiments from 20 p.c. to 80 p.c. of the substrate 
was split; maximum digestion took place at pH 7 once, at pH 8 twice and 
at pH 9 once, i.e. in agreement with the established optimum pH for 
“intestinal erepsin,” 

Poly -peptidase. — Eleven juices were tested, 9 from cat duodenum 
and 2 from cat jejunum or ileum. The four samples which digested the 
di-peptide digested peptone to a lesser extent (between 9 and 22 p.c. 
splitting of the substrate); and in addition another acetylcholine 
duodenal juice gave 14 p.c. digestion in spite of having been centrifuged. 
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cyanide is titrated directly wth ceric sulphate in the presence of an 
oxidation-reduction indicator. 

5. Inverlasc. — ^TJic tests rvere set up at the same time as those for 
amylase, and the same methods were used. The substrate was 5 p.c. 
cane-sugar and the experiments w'ere sot up at several H-ion concen- 
trations between pH 5 and pH 9. 

In all the above tests, digest mixtures consisted of equal quantities 
of juice, substrate solution and buffer. Incubation lasted usually for 
16 liours, occasionally^ for 24 or 48 hours. Zero values for each experi- 
ment w'ere obtained b}’- estimating samples taken immediately after 
mixing juice and substrate. Blank experiments were carried out 
(1) with boiled juice and substrate, (2) with substrate and buffers, 
(3) witli juice and buffers, incubated for the same length of time. 

6. Lipase. — The juice was brought to pH 7 (blue-green to brom- 
thymol-blue) with 0-1 H HCl. 1 c.c. of neutralised juice (or 0-5 c.c. 
if more w'as not available) and 0-25 c.c. of triolein were mixed with 
0-75 c.c. of 0-5 23.C. Ha taurocholate or with water. Blank experiments 
wdth juice and triolein separately^ were also set up. The bottles were 
shaken mechanically'’ in the incubator for 6 or 16 hours, then the 
contents -were poured into beakers and the bottles washed twice with 
3 c.c. of absolute alcohol, the washings being added to the digests. 
Increase in acid was estimated by titrating ■ndth 0-01, 0-02 or 0-1 
N NaOH, using brom-thy^mol-blue as indicator. 

7. Enterohiiiase . — Pancreatic juice ivas obtained by’- cannulating the 
pancreatic duct of a cat, eserinising, and then injecting acetjdcholine 
subcutaneously and secretin intravenously. The trypsin in such juice 
is inactive and will remain so for weeks or months in the ice-chest. 

Equal quantities of pancreatic and intestinal juice were incubated 
together for half an hour or more, then 1 c.c. of the mixed juice was 
set up for digestion with 0-5 c.c. of 6 p.c. egg albumen and 0-5 c.c. 
of buffer, pH 8 or pH 9. The amino-nitrogen was determined immedi- 
ately after mixing and again after 16 hours’ incubation. Controls were 
set up with pancreatic and intestinal juice separately and with pancreatic 
juice treated -with an efficient activator supplied by Dr. C. L. G. Pratt. 

Tests for enterokinase were also made on some samples of juice by 
utilisino- the capacity of pancreatic juice to clot milk in the presence of 
active trypsin [MeUanby, 1912-13; Kunitz and Northrop, 1933]. The 
results obtained by the two methods were identical. 

Estimations of Neutralising Power of Jtiices. 

The estimations were made on fresh juice as soon as it had been 
'll ted The juice was titrated with standard HCI against brom- 

thymol-blue or pbenolphthalein. 
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jMaximum digestion took place at pH 7 twice, pH 8 twice, and pH 9 once. 
Three out of the other 6 duodenal samples gave a trace of digestion 
(less than 10 p.c.), but as the corresponding tests on the di-poptide were 
negative a technical fault was suspected though it could not be proved; 
in these three tests maximum digestion took place at pH 7 each time. 

Amylase was present in every one of the 10 juices tested, 7 from 
cat duodenum and 3 from cat jejunum or ileum. Usually 40 p.c. or 
more of the starch was digested. In 7 quantitative tests maximum 
digestion took place at pH 7 four times, at pH 6 and 7 once, equally at 
pH 5, 6, and 8 once and at pH 4 in the test on post-ganglionic sym- 
pathectomy juice from the lower ileum. Digestion took place over a 
■nude range of H-ion concentration, and between pH 5 and pH 8 the 
differences in the amount of splitting were small. 

Invertase . — ^The same two acetylcholine juices which digested the 
di-peptide digested cane-sugar (qualitative). Of six other cat juices, 
two duodenal samples gave a trace of digestion and two gave none, 
and one lower intestinal sample gave a trace of digestion and another 
was qualitatively positive. In the three quantitative positive tests 
maximum digestion took place at pH 7 twice and at pH 5 once. 

Lipase . — The same two acetylcholine juices which digested the 
di-peptide sUghtly digested fat. Seven other tests, all on cat duodenal 
juice, were negative; one of these negatives came from uncentrifuged 
acetylcholine juice, but this was the exceptionally acellular juice which 
also failed to digest peptides. 

Trypsin was activated by every one of 9 juices tested, showing that 
enteroTcinase was consistently present. The juices were obtained by 
5 different methods; one came from rabbit duodenum, 5 from cat 
duodenum, and 3 from cat jejunum or ileum. 


Enzyme Tests on Juices fro7n Permanent Duodenal Fistulce. 

(Tables II. and III.) 

Denervated (transplanted) duodenal fistulas were made in 3 pigs, 
3 cats, 2 rabbits, and 1 goat, and juices were tested for enzymes before 
and after the pedicle was cut. Innervated fistulse (in which the 
muscle of the duodenum remained in continuity with that of the 
stomach and the mesentery was left intact) were made in 4 pigs, 2 cats, 
and 2 dogs. The results of the tests were similar in all animals and 
in both kinds of fistulse. 

Proteases were tested for in 36 experiments and poly- and di-peptidase 
in 33; the results in every case were negative. Amylase, on the other 
hand, was present in every one of the 18 juices tested; pig, dog and 
rabbit juice split from 45 p.c. to 80 p.c. of the substrate in 9 quantitative 
tests and cat juice slightly less (20 p.c. to 50 p.c.). As in the acute 
experiments, maximum digestion occurred at pH 5, 6 or 7 and the 
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Transplanted Goat not cut nono nono none none none trace none trace 

none nono « » traco trace 
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juice from tlie upper part gave a value of 0-2 c.c. of acid and the juice 
from the lower part had no neutralising value (three experiments, vagal 
stimulation). Ileal juice was examined three times. A sample collected 
after eserine stimulation gave a value of 0-15 c.c. of acid, and two 
successive samples from a cat after post-ganglionic sympathectomy had 
the unexpectedly high value of O-CO c.c. of acid. 

The results of the few estimations on duodenal listnla juices (Table 
IV.) agree with those of Tlorey and Harding [1954]. Cat fistula juice 
has a slightly greater neutralising power than the juice from acute cat 
preparations and also than fistula juice from the dog and the pig. 

Lysozyme Tests. (Table V.) 

Cat juice contained no lysozyme (4 samples) and dog juice produced 
no immediate lysis and only partial lysis after standing overnight 
(3 samples). Pig juice, on the other hand, produced complete lysis 
at titres from 1 ; 256 to 1 ; 8192 after incubation for one hour (0 samples). 
Florey and Harding [1933] found M'eak lysozyme in rabbit duodenal 
juice, but in the one sample tested in the present series none was present. 


Table V. — -LYSoziiiiE Tithes of Jmens from permanent Duodenal 
Fisttjlie against M. Lysodeikticus. 


Animal and preparation. 

Titre : complete lysis e.xcept where slated 
otherwise. 

After 1 hour at 

37" C. 

Same after 12 horn's at 
room temperature. 

Pig 2— Transplanted fistula 

1 : 8000 


Pig 3 — „ 

Pig 6 — Innervated fistula 
(another sample) 

Pig 1 — ^Innervated fistula 

.. (another sample) 

(highest dilution used) 

1 : 256 

1 : 512 

1 : 512 

1 : 512 

1 : 8192 

(highest dilution used) 

1 : 256 

1 ; 512 

Dog 1 — Innervated fistula 

No lysis 

Partial lysis at 1 : 128 

>, (another sample) 

Dog 2 — Innervated fistula 


„ „ 1 : 32 


„ 1 : 128 

Cat 1 — ^Transplanted fistula 
,, (another sample) 

Cat 2 — Transplanted fistula 

Cat 6 — Innervated fistula 

No lysis 

9» 

>> 


Babbit 2 — Transplanted fistula 

No lysis 



We are indebted to Jlr. L. A. Epstein for doing these tests. 
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differences within this range M'ere small. A trace of inverlase was found 
in 7 juices out of 15, the greatest digestion being 13 p.c. splitting after 
incubation for 48 liours (dog 1). TJie H-ion concentration at winch 
maximum digestion occurred ranged from pH 5 to pH 7, as in the tests 
for amylase. Slight lipase action, greater in the presence of sodium 
tam-ocholate, was found in 0 out of 18 juices. 

Enierohinase was present in all juices except those of one rabbit 
and one pig and tlie first of three samples from another pig; no explana- 
tion can be offered for its absence from these juices. In the positive 
experiments there was no significant diflference in trjT)tic activity 
between test and activated control. In the milk-clotting test there was 
no difference in clotting time between test and control. The positive 
results were obtained at various times from 1 w^eek to 6 months after 
maldng the fistulas. 

Tests for Gaihepsin. 

Taydor et al. [1938] found that casein was digested, mainly to pro- 
teoses, by’’ normal human gastric juice acting at pH 7-4. There has 
been no evidence of a similar action by duodenal juice in the present 
work. A few juices from permanent fistulfe were activated with EjS, 
and those also gave no evidence of a proteolytic action at H-ion con- 
centrations between pH 4 and pH 8. 

Table IV. — Nedtralising Power of Juices from peemaxent 
DuODENAE riSTUL.E. 


Animal and preparation. 

Neutralising power of 
juice in c.c. 

0-1 NHCl. 

Pig 3 — ^Transplanted fistula 

0-23 

Pig 7 — ^Innervated fistula 

0-31 

Dog 1 — ^Innervated fistula 

0-18 

„ (another sample) 

0-32 

Dog 2 — Innervated fistula 

0-34 

,, (another sample) 

0-22 

Cat 1 — Transplanted fistula 

0-35 

Cat 2— 

0-40 

Cat 3 77 77 

0-42 


Estimations of Nentralising Power. 

■n.mripnal iuice obtained by a variety of stimufi from acute cat 
VC vPTitralised 0-2 c.c. of 0-1 N HCl per c.c. of juice twelve 
prepara seven times. One sample had no neutralising value 

times an 0-1 c.c. of acid. When the upper (Brunner’s gland 

and of the duodenum were cannulated separately, the 
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experiments in ’wliicli Savitcli obtained secretion, apparently from the 
whole intestine, in response to vagal stimulation, were done on 
decapitate cats. 

In our experiments the vagus has had loss influence on the rest of 
the small intestine than on the duodenum. Vagal stimulation produces 
a watery secretion from a small part of the duodenum just distal to the 
Brunner’s gland area. In two experiments stimulation of the vagus 
after splanchnic section caused secretion from the jejunum and ileum. 
The failure of the jejunum and ileum to secrete in response to simple 
vagal stimulation does not seem to have been due to inadequate 
stimulation, as in all experiments good gastric and duodenal secretion 
occurred. 

Though section of the splanchnic nerves “liberated” the duodenum 
only, section of aU preganglionic nerves caused secretion from the 
whole of the small intestine. Certain experiments support the idea 
that there is a “centre” in the spinal cord from which inhibitory 
impulses pass to the secretory mechanism of the gut. If the influence 
of this centre is removed by section of all preganglionic fibres the 
ganglia^ at the root of the mesentery take over inhibitory powers, their 
extirpation being followed by secretion. It is possible that the in- 
hibitory effect of the splanchnics is so powerful that, under the present 
experimental conditions, vagal stimulation is unable to overcome it 
except in the duodenum. 

Generally, to mimic vagal action by pharmacological means it is 
necessary to eserinise an animal and then to give acetylcholine. 
Eserine alone, however, causes intestinal secretion, though no other 
evidence of cholinergic action (e.gr. salivary or tracheal secretion) 
appears. The addition of acetylcholine causes intense spasm of the 
intestine and epithelial cells and even intact viUi are shed, while at the 
same time salivary secretion occurs. 

The general conclusion appears to be justified that the gut, probably 
in its rich nerve plexuses, makes a relatively large quantity of acetyl- 
choline, which is prevented from acting by the sympathetic nerves. 
The inhibition can be overcome experimentally by the administration 
of eserine or by section of the appropriate sympathetic nerves. 

Although the effects of nerve stimulation and section can be demon- 
strated with regularity, there is as yet no evidence as to how they are 
integrated with intestinal function. For example, Thiry fistulse of the 
jejunum and ileum, which retain their sympathetic innervation, do not, 
according to most observers, secrete juice during digestion. The small 
amount of “periodic” secretion [Boldyreff, 1928] occurs during starva- 
tion, not after feeding. One would have expected that if there were 
a general lowering of sympathetic “tone” during digestion secretion 
would occur in the fistulse. The relation of the effects of local irritation 

or stimulation of the mucosa to the extrinsic nerves is even less under- 
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Discnssioir. 


The Control of Secretion. — In reviewing the experimental findings it is 
convenient to consider first the control of the secretion in the upper part 
of the duodenum, whicJi contains Brunner’s glands. An abundant 
secretion of alkaline mucoid juice is produced from this part in acute 
cat preparations bj'- (1) stimulating the vagi, (2) cutting the splanchnic 
nerves in the thorax, (3) administering eserine either alone or with 
acetylcholine. A scantier secretion is produced by the intravenous 
injection of material containing secretin. The consistency of the juice 
obtained by any of these methods is indistinguishable from that of juice 
from permanent duodenal fistula?, though the cellular content varies 
with different methods of stimulation. It has been confirmed that the 
secretion of permanent transplanted duodenal fistulae in cats is controlled 
by a hormone, as after 24 hours’ starvation they are dry but secrete well 
after feeding. Similar denervated fistulse in pigs react in the same way. 
The clear-cut results of these experiments leave little doubt that the 
secretory activity of the first part of the duodenum is under both 
nervous and hormone control. 

In accordance with the current view' on the chemical transmission 


of parasympathetic stimulation it may be supposed that acetylcholine 
is liberated either in the enteric plexuses or in the neighbourhood of 
the secreting cells or both, and that either the acetylcholine may be 
formed by vagal activity or “liberated” by the removal of sympathetic 
inhibition, or the breakdown of acetylcholine formed in the gut plexuses 
in the absence of stimuli may be prevented by eserine. Experimentally, 
the secretory effects of vagal stimulation, sympathectomy and eserine 
injection are all inhibited by atropine, which is evidence that they may 
act through a common mechanism. It seems certain that the juice 
obtained from the duodenum after cutting the splanchnic nerves is 


not a transudate from the blood, as it contains the “soluble” mucin 
typical of Brunner’s gland secretion. The inhibition of the “paralytic” 
secretion by atropine and amesthetics also supports this view. 

The relative importance of the extrinsic nerves and the hormone 
mechanism in producing duodenal juice is diificult to assess. In acute 
experiments much more secretion can be produced bj' stimulating the 
vatnis than by injecting secretin. In permanent preparations, on the 
other hand, transplanted fistulse and fistulae with the extrinsic nerves 
■ t et both stop secreting during starvation and start secreting immedi- 

1 feeding begins (cats and pigs); both secrete about the same 
^ ^ ^ nt of juice and the composition of the juice from the two lands 
appears to be identical. 

Tb profoundly depressing effect of anaesthetics on intestinal 
. t i^j^yyoneofthereasons why the control of the duodenal 
secretion is p previously been analysed. It is notew'orthy that the 
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experiments in Avliicli Savitcli obtained secretion, apparently from the 
whole intestine, in response to vagal stimulation, were done on 
decapitate cats. 

In our experiments the vagus has had less influence on the rest of 
the small intestine than on the duodenum. Vagal stimulation produces 
a watery secretion from a small part of the duodenum just distal to the 
Brunner’s gland area. In two experiments stimulation of the vagus 
after splanchnic section caused secretion from the jejunum and ileum. 
The failure of the jejunum and ileum to secrete in response to simple 
vagal stimulation does not seem to have been due to inadequate 
stimulation, as in aU experiments good gastric and duodenal secretion 
occurred. 

Though section of the splanchnic nerves “liberated” the duodenum 
only, section of all preganglionic nerves caused secretion from the 
whole of the small intestine. Certain experiments support the idea 
that there is a “centre” in the spinal cord from wliich inhibitory 
impulses pass to the secretory mechanism of the gut. If the influence 
of this centre is removed by section of all preganglionic fibres the 
ganglia^at the root of the mesentery take over inhibitory powers, their 
extirpation being followed by secretion. It is possible that the in- 
hibitory effect of the splanchnics is so powerful that, under the present 
experimental conditions, vagal stimulation is unable to overcome it 
except in the duodenum. 

Generally, to mimic vagal action by pharmacological means it is 
necessary to eserinise an animal and then to give acetylcholine. 
Eserine alone, however, causes intestinal secretion, though no other 
evidence of cholinergic action (e.gr. salivary or tracheal secretion) 
appears. The addition of acetylcholine causes intense spasm of the 
intestine and epithelial cells and even intact villi are shed, while at the 
same time salivary secretion occurs. 

The general conclusion appears to be justified that the gut, probably 
in its rich nerve plexuses, makes a relatively large quantity of acetyl- 
choline, which is prevented from acting by the sympathetic nerves. 
The inhibition can be overcome experimentally by the administration 
of eserine or by section of the appropriate sympathetic nerves. 

Although the effects of nerve stimulation and section can be demon- 
strated with regularity, there is as yet no evidence as to how they are 
integrated with intestinal function. For example, Thiry fistulse of the 
jejunum and ileum, which retain their sympathetic innervation, do not, 
according to most observers, secrete juice during digestion. The small 
amount of “periodic” secretion [Boldyreff, 1928] occurs during starva- 
tion, not after feeding. One would have expected that if there were 
a general lowering of sympathetic “tone” during digestion secretion 
would occur in the fistulse. The relation of the effects of local irritation 

or stimulation of the mucosa to the extrinsic nerves is even less under- 
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stood, but there is good evidence that the jejunum and ileum deprived 
of their extrinsic nerves can jjroduee juice when stimulated by a catheter 
[Ivj^ cl al, 1927; Nassett et al., 1935]. 

Enzymes. — The enzyme content of duodenal juices produced in 
a rmriety of ways and from different species of animals has been in- 
vestigated. In the introduction to Part II. various authors are 


mentioned who found protease, amjdase, invertase, lipase and entero- 
Icinase in juice from duodenal fistulm. The available Avritings of the 
Russian rvorkers give no indication of the cellular content of their 
juices and possibly they, like many of the workers with jejunal and ileal 
fistulae, AA’ere actually testing a mixture of pure secretion and cells. We 
have attempted, by eliminating cellular and bacterial enzymes as far 
as possible, to estimate the digestive properties of the actually secreted 
portion of duodenal juice. 

Tavo groups of enzj'-mes appear to be absent from cell-free juice— 
the proteases and the peptidases. No protease Avas found in any juice, 
and no peptidase in an}"^ juice from a fistula. Certain juices from acute 
preparations contained polj^- and di-peptidase, but, AAuth the exception 
of traces of poly-peptidase in three samples, there AA'as a clear connection 
betAA’een peptide digestion and the high cell-content of the juices. 
Many samples of juice gave little or no deposit on centrifuging, so that 
nothing AAms removed to Avhich enzymes might have been adsorbed, as 
Kestner [1930] and Pierce et al. [1935] argued. 

Two other enzymes, inA’-ertase and hpase, Avhich were present in 
cellular juices, sometimes appeared also in traces in other juices, but 


the sphtting they produced Avas insignificant. 

Two enz3^mes, amylase and enterokinase, were present in greater 
amounts. Amylase was present in every sample tested and usuaUy 
spht from 40 p.c. to 80 p.c. of the substrate. Waldschmidt-Leitz 
[1929] quoted work shoAving that starch was only digested to about 
75 p.c. of the theoretical maximum splitting unless the products of 
digestion were removed ; in 24 hours, therefore, many samples of juice 
produced something approaching maximum digestion. In his experi- 
ments on fistulac from lower levels of the small intestine, Cajori [1933] 
found that amylase was the only enzyme in the juice whose digestive 
action was strong enough to keep pace with the absorption of the 
substrate; he suggested that it might come from the same source as 
the amylase of the blood and other body fluids. 

In addition to amylase, an enterokinase capable of fullj’- activating 
frim^sin was found in nearly every sample of juice. Since its discovery 
bv Schepowalnikow [Falloise, 1904; Pavlov, 1910; Babkin, 1 92 S] there 
b never been any doubt of its presence m jejunal and ileal juice, but 
A ^ Iv author to mention its presence in duodenal juice was Pavlov, 
the omy function of activating trypsin belonged more to 

The^duSat jSee toto juice from lower levels of the sm^ll intestine. 



Influence of Nerves and Drugs and Investigation of Enzymes 115 

Acute experiments gave unsatisfactory material for comparative 
tests. The comparison which we had hoped to make between the 
secretion of the duodenum and that of other levels of the small intestine 
proved hard to make, as the jejunum and ileum do not secrete in response 
to vagal stimulation, and other stimuli produce juice which is often, very 
cellular. The comparison between the duodenal secretion produced 
by different stimuli in one species was also difficult, as the quantity and 
cellular content of the juice varies with the stimulus. Provided, how- 
ever, that juice free from cells was obtained, no differences were found 
between the different methods of stimulation, and the few satisfactory 
tests on jejunal and ileal juice showed that, as in the duodenal secretion, 
amylase and enterolcinase are present and di-peptidase absent. 

The juice from permanent fistulre, on the other hand, was consistently 
free from gross cellular contamination, so tliat the comparison between 
the duodenal secretion of five different species of animals, and between 
the secretion of transplanted fistulm and those with their nerve supply 
intact, was satisfactory. There is no difference in the digestive enzymes 
of any of these secretions, though there are species differences in 
lysozyme content and possibly in neutralising power. Nasset ef al. 
[1935] found no qualitative difference in the physical and digestive 
properties of juice from transplanted intestinal fistulse before and 
after cutting the pedicle and we, with duodenal fistulse, have found 
none. 

The results of these enz5’'me investigations, which have been done by 
standard chemical methods and with the necessaiy precautions, conflict 
with those of Ponomarew [1902] and of Florey and Harding [1934], 
since, within the hmits of the present investigation, the only enzymes 
constantly present in duodenal juice are enterolcinase and amylase. 
Florey and Harding [1935 a] discussed the evidence that the mucus 
secreted in the duodenum was a product of Brunner’s glands. Possibly 
the whole of the secretion which flows spontaneously from a permanent 
duodenal fistula comes from Brunner’s glands or possibly part is con- 
tributed by the crjqjts of Lieberkuhn. The only important enzyme 
action of the secretion appears to be the activation of trypsin, and this 
it shares with the secretion from other levels of the small intestine : the 
specific mucin content of the juice, however, and its alkalinity make it an 
admirable medium for protecting the first part of the duodenum against 
the acid gastric juice. 

The close relation between di-peptide digestion and cell content in 
duodenal juice, and in the few satisfactory experiments on jejunal and 
ileal juice, leads us to believe that the peptidases (and the same probably 
applies to invertase and lipase) are endo-enzymes, in the sense that they 
are not secreted into the intestinal lumen in solution. Linderstrom- 
Lang [1939] reviews recent work and considers that peptidases are 
shown to be typical endo-enzymes and he asks for reconsideration of the 
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15.00. Stimulation started. Good motor activity of stomach and 
duodenum. 

Duodenum. Stomach. 

16.00. 4-4 c.c. slightly bile- 20 c.c, clear mucoid gastric juice, 
stained stick}’- fluid. 

1 c.c. neutralises 
0-2 c.c. N/10 HCl. 

17.00. 5-3 c.c. clean clear juice. 22 c.c. „ „ 

18.00. 6-0 c.c. „ „ 25 c.c. „ „ 

Stimulation stopped. 40 c.c. saline given subcutem. 

19.00. No secretion: stimulation recommenced. 

20.30. Secretion had collected but was spilled by movement of 
animal. 

21.30. 3-0 c.c. duodenal juice. Stimulation stopped. 

0*6 mg. eserine subcutem. 

21.50. 0-6 mg. eserine subcutem. 

22.00. Stimulation recommenced. 

23.00. 6-5 c.c. clear fluid. 

Cat died at 23.10. 

In three experiments a cannula was tied into the jejunum instead of 
the duodenum. There -was no flow of juice on stimulation. After 
stimulation for 2 hours the duodenum was severed 6 ’ centimetres 
from the pylorus and cannulated; further stimulation then gave a flow 
of juice from the duodenum. It was thus apparent that the secretion 
had been forming in the duodenum and was being absorbed in the 
jejunum. Another experiment also illustrated that complete re- 
absorption of previously secreted juice is possible. Duodenal juice 
(6-0 c.c.), produced by vagal stimulation, was returned to a jejunal 
loop after atropinisation of the animal. It was completely absorbed 
in 2 hours 20 minutes; possibly the absorption was quicker than this 
but the preparation was not examined sooner. 

It was thought that the -n’hole of the secretion might be coming from 
the, Brunner’s glands of the duodenum, so a glass cone was fixed in the 
duodenum 2 centimetres only from the pylorus and both ends of the 
duodenum cannulated in the appropriate w'ay. Stimulation of the 
vagi gave a good flow of juice from that part containing Brunners 
glands and a lesser but still definite secretion from the duodenum 
containing none. The details of one of three experiments illustrating 
these points were as foUows : — 

Cat 100. Weight 2-6 kg. 

10.30. Ether anaesthesia. Electrodes applied to infracardiac vagi. 
Common bile duct, pancreatic duct and accessory pancreatic duct tied. 
Obturators and cannulm inserted. Decerebration completed at 11.45. 

14.30. Animal in fair condition. Stimulus started. 
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17.30. Stomach — 30 c.c. of clear mucoid secretion, 1 c.e. equivalent 
to 1-5 c.c. N/10 HCl. Upper duodenum— G c.c. of clear slimy alkaline 
secretion, 1 c.c. neutralises 0-2 c.c. N/10 HCl; no precipitation -svitli 
N/10 HCl. Lower duodenum — 2-4 c.c. of slightly turbid secretion, 
almost watery in consistence and just alkaline: no neutralising value; 
turbidity on adding N/10 HCl. 

Path of Vagus Su2)pJ!/ to the Duodenum. — The path of the vagus 
supply to the duodenum was investigated by setting up an animal as 
above with the exception that two strong ligatures were left untied 
around the pylorus. After the rate of secretion on stimulation had 
been determined over 2 hours the ligatures were tied tightly and the 
pylorus cut through between them, care being taken to avoid inter- 
ference Avith the blood supply. Eurther stimulation gave no significant 
secretion from the duodenum. Cutting the mucosa and submucosa 
only did not interfere with secretion. It was thus clear that the Amgal 
supply to the upper duodenum passed from the stomach in the muscular 
layer of the gut wall. 

jEJjfect of Eserine on Vagal Stunulation. — The rate of secretion of 
duodenal juice during vagal stimulation was increased markedly by 
two doses of eserine (0-6 mg. each, given at an interval of 20 minutes), 
but it will be noted later that eserine in these doses may excite of itself 
a secretion of juice from the duodenum, jejunum and ileum. 

In view of the failure to obtain juice from the jejunum or ileum 
by vagal stimulation attempts Avere made to “sensitise” the small 
intestine to the influence of the vagus. Eserine (0-6 mg.) was given 
subcutem to a cat and then 2 hours Avere alloAA'ed to elapse to see 
whether the eserine by itself produced a secretion. If there Avas no 
secretion the vagi Avere then stimulated, but no positive effects Avere 
obtained. 

Action of Atropine. — Atropine (1-0 c.c. of 1 p.c. atropine sulphate) 
immediately caused a cessation of vagal secretion Avhich lasted, even 
though stimulation Avas continued, for at least three hours. 

The Effects of Ancesthetics. — ^The effect of basal ansesthetics on the 
rate of secretion from the duodenum Avas investigated in decapitated 
cats. After the rate of secretion had been determined by a two-hour 
control period of stimulation, 160 mg. of sodium luminal per Idlo of 
body Aveight Avas given intramuscularly. Though this Avas not sufficient 
to cause a disappearance of the anal reflex, it caused almost complete 
cessation of secretion. This lasted during 3-4 hours of vagal stimula- 
tion. Administration of eserine gave some return of the vagal secretory 
effect. Details of such an experiment are as foUoAvs : — 

Cat 169. 4-3 kg. 

®ther ansesthesia. Decapitation. Vagi placed on elec- 

ro es. Common bile duct, pancreatic duct and accessory pancreatic 
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15.00. 


16.00. 


17.00. 

18.00. 

19.00. 

20.30. 

21.30. 

21.50. 

22 . 00 . 
23.00. 


Stimulation started. Good motor activity of stomach and 
duodenum. 

Duodenum. Stomach. 

4- 4 c.c. slightly bile- 20 c.c. clear mucoid gastric juice, 
stained sticky fluid. 

1 c.c. neutralises 
0-2 C.C. N/10 HCl. 

5- 3 c.c. clean clear juice. 22 c.c. „ „ 


6-0 c.c. „ „ 25 c.c. 

Stimulation stopped. 40 c.c. saline given subcutem. 

No secretion: stimulation recommenced. 

Secretion had collected but was spilled by movement of 
animal. 

3-0 c.c. duodenal juice. Stimulation stopped. 

0-6 mg. eserine subcutem. 

0-6 mg. eserine subcutem. 

Stimulation recommenced. 

5-5 c.c. clear fluid. 

Cat died at 23.10. , 


In three experiments a cannula was tied into the jejunum instead of 
the duodenum. There was no flow of juice on stimulation. After 
stimulation for 2 hours the duodenum was severed 6 ' centimetres 
from the pylorus and eannulated; further stimulation then gave a flow 
of juice from the duodenum. It was thus apparent that the secretion 
had been forming in the duodenum and was being absorbed in the 
jejunum. Another experiment also illustrated that complete re- 
absorption of previously secreted juice is possible. Duodenal juice 
(6-0 c.c.), produced by vagal stimulation, was returned to a jejunal 
loop after atropinisation of the animal. It was completelj’’ absorbed 
in 2 hours 20 minutes; possibly the absorption was quicker than this 
but the preparation was not examined sooner. 

It was thought that the whole of the secretion might be coming from 
the Brunner’s glands of the duodenum, so a glass cone was fixed in the 
duodenum 2 centimetres only from the pylorus and both ends of the 
duodenum eannulated in the appropriate way. Stimulation of the 
vagi gave a good flow of juice from that part containing Brunner’s 
glands and a lesser but still definite secretion from the duodenum 
containin<^ none. The details of one of three experiments illustrating 
these points were as follows : 


Cat 100 Weight 2-5 kg- 

10 30 Ether anesthesia. Electrodes applied to infracardiac vagi. 
r...,,,T,inTi’bile duct, pancreatic duct and accessory pancreatic duct tied. 
Swnrators and cannule inserted. Decerebration completed at 1 1.45. 

14 30 Animal in fair condition. Stimulus started. 
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17.30. Stomach — 30 c.c. of clear mucoid secretion, 1 c.c. equivalent 
to 1-5 c.c. N/10 HCl. Upper duodenum — 0 c.c. of clear slimy alkaline 
secretion, 1 c.c. neutralises 0-2 c.c. N/10 HCl; no precipitation -with 
N/10 HCl. Lower duodenum — 2-4 c.c. of slightly turbid secretion, 
almost watery in consistence and just alkaline; no neutralising value; 
turbidity on adding N/10 HCl. 

Path of Vagus Siijjply to the Duodenum. — The path of the vagus 
supply to the duodenum was investigated by setting up an animal as 
above -with the exception that two strong ligatures were left untied 
around the pylorus. After the rate of secretion on stimulation had 
been determined over 2 hours the ligatures were tied tightly and the 
pylorus cut through between them, care being taken to avoid inter- 
ference with the blood suppl 3 ^ Further stimulation gave no significant 
secretion from the duodenum. Cutting the mucosa and submucosa 
only did not interfere with secretion. It was thus clear that the vagal 
supply to the upper duodenum passed from the stomach in the muscular 
layer of the gut wall. 

Pffecl of Eserine on Vagal Slimulalion. — ^The rate of secretion of 
duodenal juice during vagal stimulation was increased markedly by 
two doses of eserine (0-6 mg. each, given at an interval of 20 minutes), 
but it will be noted later that eserine in these doses may excite of itself 
a secretion of juice from the duodenum, jejunum and ileum. 

In view of the failure to obtain juice from the jejunum or ileum 
by vagal stimulation attempts Avere made to “sensitise” the small 
intestine to the influence of the vagus. Eserine (0-6 mg.) was given 
subcutem to a cat and then 2 hours Avere allowed to elapse to see 
Avhether the eserine by itself produced a secretion. If there Avas no 
secretion the vagi were then stimulated, but no positive effects Avere 
obtained. 

Action of Atropine. — Atropine (1-0 c.c. of 1 p.c. atropine sulphate) 
immediately caused a cessation of vagal secretion Avhich lasted, even 
though stimulation Avas continued, for at least three hours. 

The Effects of Ancesthetics. — The effect of basal anaesthetics on the 
rate of secretion from the duodenum Aims investigated in decapitated 
cats. After the rate of secretion had been determined by a tAvo-hour 
control period of stimulation, 150 mg. of sodium luminal per Idlo of 
body Aveight Avas given intramuscularly. Though this Avas not sufficient 
to cause a disappearance of the anal reflex, it caused almost complete 
cessation of secretion. This lasted during 3-4 hours of vagal stimula- 
tion. Administration of eserine gave some return of the vagal secretory 
effect. Details of such an experiment are as folloAvs : — 

Gat 169. 4-3 kg. 

11.00. Ether anaesthesia. Decapitation. Vagi placed on elec- 
trodes. Common bile duct, pancreatic duct and accessory pancreatic 



78 


Wright, Jennings, Florey, and Lium 


duct tied. Obturator placed in pylorus. Stomach and duodenum 
cannulated. Completed at 12 noon. 

15.00. Stimulation started. 

16.00. Collection started. 

17.00. Stomach 17-5 c.c., 1 c.c. equivalent to l-S c.c. N/10 HCI. 
Duodenum 5 c.c. 

17.15. 650 mg. sodium luminal intramuscularly. 

17.40. Anal reflex still present. Collection started. 

18.40. Stomach 4 c.c., 1 c.c. equivalent to 1-5 c.c. N/10 HCI. 
Duodenum 0-2 c.c. 

Given eserine gr. 1/100 subcutem. 

19.00. Eserine gr. l/lOO subcutem. 

20.00. Gastric juice 6 c.c. 

Duodenal juice 1-5 c.c. 


Nembutal gave similar effects as follows : — 


Gat 171. 2-8 kg. 

9.45. Ether ansesthesia. Vagi dissected and placed on electrodes. 
Accessory pancreatic duct, common bile duct and pancreatic duct 
tied. Obturator placed in pylorus. Stomach and duodenum can- 
nulated. Decerebration 10.55. 

12.25. Stimulation of vagi started. 

13.05, Secretion from both cannulas flowing freely. 

Collection begun. 

14.05. Stomach 18 c.c. 

Duodenum 3-6 c.c. 

Cat given 1 c.c. nembutal (0-07 gm.) intravenously. 

14.30. Collection started. 

16.30. Stomach 4 c.c. 

Duodenum 0-3 c.c. 

16.40. Eserine gr. 1/100 subctitem. 

16.00. Eserine gr. 1/100 subcutem. 

16.20. Collection started. 

17.20. Stomach 6 c.c. 

Duodenum 1-2 c.c. 


Ether similarly acted as an inhibitor. When a decerebrate animal 
lad reached a steady rate of secretion of 20 c.c. per hour from the 
tomach and 5 c.c. per hour from the duodenum as a result of vagal 
•ttamlation, ether was administered for 1 hour. During this time 
•rarcelv any secretion occurred (stomach 3 c.c., duodenum 0-3 c.c.) 

'te of the continuation of stimulation. The animal was left for 
^ l^^\rs to allow elimination of the ether and then the vagi were 
naain Though by this time the animal’s condition was 

itimma g ' ^ gastric secretion and 2-5 c.c. of duodenal secretion 

30 or it gave lo & 

n an hour. 
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Of the anresthetics tested, chloralose had tho least effect on duodenal 
secretion. The rate of secretion in a decapitate cat during vagal 
stimidation was 8-4 c.c. per hour. After chloralose was given (70 mg. 
per kilo body weight) the rate of secretion was reduced to 5-5 c.c. per 
hour. 

Some Properties of the Secretion. — The secretion which was obtained 
from the duodenum by vagal stimulation was a slightly opalescent, 
slimy fluid; at first it Avas bile-stained, but after 2 or 3 hours’ 
floAv it became colourless or only faintly yellow. It Avas alkaline 
to htmus and on collection had a pH of 8-3-8'4. On adding excess 
HCl and titrating back with NaOH using phenolphthalein as an 
indicator, 1 c.c. gave a neutralising value equivalent to 0-25-0-3 c.c. 
N/10 HCl. The chloride content Avas 0-45 p.c. There Avas only a 
slight increase of haziness on addition of N/10 HCl or 2 p.c. acetic 
acid, but the bulk of the mucus could be precipitated by phospho- 
tungstic though not by trichloracetic acid. On standing on the bench 
overnight the sliminess disappeared from the juice. Vagal juice, as 
Avill be seen later, is indistinguishable from juice collected from a 
duodenal fistula. 

From this series of experiments it is elear that stimulation of the 
vagi by the method used always causes secretion from the duodenum 
but not from the rest of the small gut, even Avhen this is “sensitised” by 
a dose of eserine. The secretion from the duodenum is principally 
from the portion just distal to the pylorus, in which Brunner’s glands 
are present. 

The possibility existed that the secretion of the lower portion of 
the small intestine was under the control of the nervi erigentes, 
stimulation of which causes secretion in the colon [Wright et al., 1938], 
In one experiment done to investigate this point nothing was obtained 
from the ileum though good colonic secretion occurred. 


(2) The Sympathetic. 

Claude Bernard [1869] mentioned that the removal of the mesenteric 
(solar) ganglia caused a production of fluid in the intestine accompanied 
by diarrhoea. This phenomenon Avas more fully investigated in the dog 
by Moreau [1868] who found that section of the nerves accompanying 
the mesenteric vessels caused the accumulation of fluid in the loop 
of small intestine so denervated. This experiment has been confirmed 
by a number of workers who, for the most part, consider that the 
properties of the fluid entitle it to be considered true succus entericus 
[Hanau, 1886; Mendel, 1896; Falloise, 1904; Molnar, 1909 (using a 
denervated Thiry fistula)]. Leubuscher and Tecklenburg [1894] and 
Tecklenburg [1894] also repeated the experiment but concluded that 
the fluid was a transudate, a view supported by Starling [1911] who, 
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however, admitted that no proof was available against the view that 
secretion is inhibited by the sympathetic nerves. 

The most thorough investigation of the nervous mechanisms in- 
volved was carried out by a committee of the British Association 
[Pye-Smith et al., 1874; Brunton and Pye-Smith, 1875, 1876], They 
also gave a resume of the earliest work on this subject. They concluded 
that: “The secretory nerves of the intestines have the small ganglia 
of the solar and superior mesenteric plexuses for their centres; hence 
secretion is unaffected by section of the splanchnics, the vagi, or the 
dorso-lumbar part of the cord.” 

hlitsuda [1924], as the result of some not very convincing experi- 
ments, thought that the extra-intestinal parasympathetic is the 
secretory nerve for the intestine and that the extra-intestinal sym- 
pathetic is principally inhibitory to the glands by means of intra-mural 
sympathetic ganglia. 

In the following section we record experiments dealing with this 
“inliibitory” influence of the sympathetics on secretion. 

Effects of Cutting Greater Splanchnic Nerve . — Por these experiments 
the chest was opened in the tenth interspace and the tenth rib divided 
hear the transverse processes of the vertebrae. One pair of intercostal 
arteries were doubly ligated near the aorta and cut. Dissection j’ust 
above the diaphragm then exposed a sufBcient length of the splanchnic 
nerves to allow them to be cut and, if desired, drawn on to protected 
electrodes. The gut was prepared in the same way as for vagal 
stimulation. The animal was then decerebrated and left for the effect 
of the anaesthetic to wear off. It was found that after a variable 
period of from 1 to 5 hours the duodenum began to expel j'uice 
from the cannula. The highest rate of secretion from the duodenum 
was 6 c.c. per hour. There was no secretion from the jej’unum, but 
occasionally the animal showed evidence of increased intestinal motility 
by passing feces from the rectum. 

The variable delay appeared to be due to the anaesthetic, for if the 
intestines of the animal were set up as described and then the cat was 
decerebrated and left for 2 hours before section of the sympathetic 
nerves (both can be rapidly divided via a short incision in the eleventh 
. V t intercostal space), the flow of secretion from the duodenum 
h n at once. In some cases before the thoracic incision could be 
vm fluid was escaping from the duodenal cannula. This 
pol^ble effect of anesthetics was commented on by Mendel and 

Palloise. duodenum was not dependent on the continuity 

nerves with the medulla, for if the vagi were divided belo^v 
of the vagu operation division some hours 

the lanchnic nerves still gave rise to a rapid onset of secretion 

later of the sp Pivision of the vagi during “paralytic ” secretion 
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had also no effect. The following protocol illustrates some of these 
points: — 

Cat 144. 3 leg. 

11.00. Ether anresthesia, chest opened, splanchnics divided, chest 
closed. Common bile duct, pancreatic duct and accessory pancreatic 
duct tied. Obturator placed in pylorus. Duodenum 6 cm. from 
pylorus and stomach cannulated. Decerebration 12 noon. 

17.00. G c.c. of secretion from stomach. 

22 c.c. of stickj"^ secretion from duodenum, 5'3 c.c. in the 
last hour. 

Chest reopened and vagi divided without anajsthetic; 
animal did not react to handling of vagi. Completed 
at 17.10. 

18.10. 5 c.c. of sticky duodenal secretion. 

19.00. 3 c.c. of sticky duodenal secretion. 

20.00. 3 c.c. of sticky duodenal secretion. 

The seat of the inhibitory effect is below the third thoracic segment 
of the cord, for there was no secretion during 2 hours after cutting 
the neural axis of a decerebrate cat at the atlanto-occipital membrane 
and at the level of the third cervical vertebra, but division of the 
splanchnic nerves at the end of that period gave rise to secretion 
immediately. 

The Effect of Stimulating the Splanchnic Nerves on the “Paralytic” 
Secretion. — ^^Vhen the rate of this secretion had become constant the 
splanchnic nerves were stimulated in the same way as the vagus nerves, 
a record of blood-pressure being taken from the femoral arter 3 ^ Stimula- 
tion caused a rise of blood-pressure lasting slightly longer than the period 
of stimulation (due probably to the liberation of adrenalin from the 
suprarenal glands). The blood-pressure in the intervals between 
stimulation was somewhat above the initial resting level. As long as 
the stimulation was continued the rate of the “denervation” secretion 
by the duodenum was considerably diminished in all experiments. 
For example : 

Gat 137. Male, 2-9 kg. 

10.45. Ether ansesthesia. Chest opened and splanchnics cut and 
placed on electrodes. Common bile duct, accessory pancreatic 
and pancreatic ducts tied. Obturator placed in duodenum 6 cm. 
from pylorus and retrograde cannula passed through pylorus 
to drain duodenum. Stomach cannulated. Small gut cannulated 
15 cm. below obturator in duodenum. Decerebration completed 
12 noon. 

14.00. Some secretion. 
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16.00. 14 c.c. of watery gastric juice. 
9 c.c. of duodenal juice. 

5 c.c. of jejunal juice. 

17.20. 6 c.c. of gastric juice. 

6-5 c.c. of duodenal juice. 

3 c.c. of jejunal juice. 
Stimulus started. 

19.00. 2 c.c. of watery gastric juice. 
1'5 c.c. of duodenal juice. 
Nothing from jejunum. 
Stimulus stopped. 

20.20. 2 c.c. of gastric juice. 

7 c.c. of duodenal juice. 

1 c.c. from jejunum. 


An attempt was made to investigate the nature of this inhibition by 
abolishing the vasomotor effect by ergotoxine.^ As soon as the rate of 
secretion had become constant the animal was given ergotoxine (about 
2 mg. of ergotoxine ethanesulphonate in divided doses) which abolished 
the response of the blood-vessels to adrenalin or sympathetic stimula- 
tion. Even when the blood-pressure remained at a high level following 
the ergotoxine secretion stopped. This made it impossible to elucidate 
the question further by this means. 

Effect of an Anaesthetic. — Sodium luminal (160 mg. per Mlo intra- 
muscularly) reduced the rate of the “paralytic” secretion almost to 
zero in a decapitate cat, though the anal reflex was not abolished. 
Eserine (2 doses of 0-6 mg. at 20 minutes’ interval) improved the rate 
of secretion under this narcosis. 

Atropine. — Atropine (1 c.c. of 1 p.c. atropine sulphate intra- 
venously) caused a cessation of this “paralytic” secretion for at least 


^ ^^Gharacter of Fluid. — The fluid secreted had aU the physical characters 
of that obtained by vagus stimulation, was chemically identical (so far 
as tested) and gave similar results to enzyme tests (see later). 

The Belation of the Splanchnics to the Vagus. — It was thought that 
'th the splanchnics cut, the small intestine other than the duodenum 

Tight respond to stimulatmn of the vagus. , , , ,, 

Animals were prepared with the vagus nerves on electrodes, the 
• + fnes were cannulated as described and the animals were then 
intes 1 hours later the chest was reopened without 

and the splanchnic nerves were divided. Two hours were 
anffistn , . -f‘<paralytic” secretion to be determined. In two 

allowed for the rate ot p duodenum was greatly 

experiments tne 

, Professor J. H. Bum for assistance and advice in con- 

1 We are indebted to nroiesbui 

ducting these experiments. 
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accelerated when the vagus was stimulated, while in one a meagre and 
in the other a copious flow of juice began from the small intestine. This 
intestinal secretion ceased when stimulation of the vagus ceased. The 
procedure of opening the chest a second time, and especially the handling 
of the splanohnics without anaesthesia, was severe and only these two 
animals lived long enough to give a satisfactory demonstration of the 
effect. For example : 

Cat 152. Female, 2-8 kg. 

10.45. Ether anaesthesia. Chest opened. Vagi placed on 
electrodes. Chest closed. Common bile duct, accessory pancreatic 
duct and pancreatic duct tied and cannulaj placed. Decerebration 
11.45. 

14.50. Chest reopened and sympathetics divided. 5 c.c. gastric 

juice had collected. Duodenal juice appeared at once. 

16.50. 5 c.c. gastric juice. 

3 c.c. duodenal juice. 

No jejunal juice. 

Stimulation of vagi begun. 

18.10. 35 c.c. gastric juice. i 

12 c.c. duodenal juice, almost watery at the end of the 
period. 

14 c.c. turbid, yellowish jejunal juice. 

Stimulus stopped. 

20.00. Stomach, 5 c.c. 

Duodenum, 2 c.c. 

No further secretion from jejunum. 

From the foregoing experiments it is clear that the greater 
splanchnic nerve carries inhibitory fibres to the duodenum and possibly 
to the upper jejunum. The inhibitory centre is probably in the spinal 
cord. The integrity of the vagi is immaterial to the secretion of 
“paralytic” juice. “Paralytic” juice from the duodenum is identical 
in appearance with that produced by vagal stimxilation, and as it 
contains Brunner’s gland mucin cannot be looked on as a simple 
transudate. 

As the greater splanchnic only carries inhibitory fibres to a small 
section of the upper part of the intestine, the possibility of the passage 
of inhibitory fibres to the coeliac ganglia by other nerves was 
investigated. 

In the first place the experiment of Moreau was repeated, i.e. the 
effect was observed of the removal of the nerves accompanying the 
intestinal vessels to a loop of small intestine. 

In most of such experiments a clear-cut confirmation of Moreau’s 
results was obtained, c.g. ; 
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Cat 212. 

9.15. Decapitated. 

12.45. Two loops of lower ileum were tied off and one denervated. 

17.00. Abdomen reopened. Denervated loop was full of secretion. 

Innervated loop was empty. 

18.30. Animal killed. 

From the denervated loop, which was about 7 cm. long, 9 c.c. of 
fluid were collected; the fluid was turbid and contained much mucus. 
The control loop was moist, with little secretion; there were many 
tape worms in it. 

Occasionally, however, secretion coUeeted in loops whose innerva- 
tion had not been interfered with (this happened three times in seventeen 
experiments). The reason for this is not clear. 

To investigate the matter further, preparations were made in which 
all the preganglionic fibres to the coeliac ganglia were cut. The 
decapitate animals were prepared as follows : — 

Through a midline abdominal incision the pancreatic ducts and 
bile duct were tied. A submucous ligature was passed and tied at the 
pyloric sphincter and cannulae were inserted about 8 cm. down the 
duodenum and into the terminal ileum. In some experiments a 
cannula was also put in about half-way down the small intestine. The 
preganglionic fibres were then cut transperitoneaUy, in some animals 
after a control period of 2-3 hours, in others at the same time as the pre- 
paration of the intestines. It was found in general in this series of 
experiments that those animals secreted best which were denervated 
when the preparation was "fresh.” 

Good secretion Avas obtained in 6 cats. In 5, more juice was 
obtained from the jejunum and ileum than from the duodenum. In 
one animal 49-5 c.c. of duodenal juice and 19T c.c. of ileal juice were 
collected in 54 hours. Details of an experiment are as follows : — 


Cat 224. 
11 . 00 . 
11.40. 


12 . 00 . 

14.16. 


15.20. 


Decapitated. 

Pancreatic, accessory pancreatic and bile ducts tied. 

Submucous ligature tied at pylorus. 

All preganglionic nerves cut on both sides. Cannulm tied 
into lower end of duodenum and terminal ileum. 
Abdominal window sewn in. 

Operation finished. 

7-5 c.c. sticky duodenal juice. 

7-5 c.c. sticky juice from ileum. 

Since beginning of experiment very active peristalsis of 
small gut and caecum. Small gut appears to contain a 
considerable amount of secretion. 

4-8 c.c. juice from duodenum. 

18-0 c.c. juice from ileum. 
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16.10. 4-0 c.c. of duodenal juice. 

Only a few drops of juice from ileum, but intestines look 

full. 

Peristalsis still active. 

17-40. 6-0 c.c. of duodenal juice. 

1 c.c. of juice from ileum. Peristalsis now slight. 

17.45. Killed. Intestines removed and emptied. 

A total of 21-3 c.c. of juice was collected from the duodenum 
and 30 c.c. from the rest of the small intestine. The stomach 
contained several c.c. of thick mucoid acid secretion. 

In one animal the greater and lesser splanchnics only were cut. 
This gave secretion from both the duodenal and ileal cannulfe, but the 
quantity was less than in those experiments in which all preganglionic 
fibres were cut. 

In two control cats in wliich the abdominal contents were displaced 
as if for cutting the nerves and received considerable handling no 
juice was obtained from the small intestine. 

Action of Ganglia at Root of Mesentery . — The possibility existed that 
the cells of the cceliac ganglia might themselves exert some inhibitory 
action, via the mesenteric nerves. 

At aseptic operation all preganglionic fibres and a portion of the 
abdominal sympathetic chain were removed transperitoneally. For 
2 to 5 days following this the cats passed loose motions, but there- 
after behaved as normal animals. Some 10 to 14 days later they 
were decapitated, the intestines were prepared as before described and 
the gangha surrounding the mesenteric artery were then removed. 
These cats gave quite remarkable responses. In the first cat 4-8 c.c. 
of duodenal and 28-3 c.c. of ileal juice were produced in 3| hours, in 
the second 7-6 c.c. of duodenal and 48-4 of ileal juice in 4 hours, in the 
third 6-7 c.c. duodenal and 22-6 c.c. ileal juice in 2J- hours and in the 
fourth 3-0 c.c. duodenal and 20 c.c. ileal juice in 4 hours. 

The following protocol shows that juice did not flow till the ganglia 
were removed ; — 

Cat 238a. 

6th March 1939. Ether. Aseptic operation. 

Midline abdominal incision. Gut, etc., pushed to one side 
and splanchnics and all visible branches going to coeliac 
ganglia cut. Portions of abdominal sympathetic chain 
with ganglia taken out. Abdomen sewn up with fine 
silk. 

8th March. In good condition. No diarrhcea. 

11th March. Took only milk, refused meat. Some diarrhoea. 

16th March. In good condition, has been eating well, no diarrhoea. 
Has been starved for the last 24 hours. 
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12.00 noon. Decapitated. Duodenum and lower ileum cannulated. 

Main pancreatic and bile ducts tied. Submucous ligature 
tied at pylorus. 

14.00. Fewdrops of juice presentin both cannulte. Ganglia removed. 

15.20. Duodenum 1-8 c.c. 

Rest of small gut 6-2 c.c. 

16.30. Duodenum 3-2 c.c. 

Small gut 4-8 c.c. 

17.10. Small gut 16-3 c.c. 

17.25. Small gut 8-8 c.c. 

18.00. Duodenum 2-6 c.c. 

Small gut 5'1 c.c. 

11-0 c.c. clear juice in stomach. 

The character of the intestinal juice varied considerably. In some 
cases it contained much thick mucus mixed with opaque white material. 
In others, especially the later portions to be collected, the juice was fluid, 
though usually somewhat turbid. The duodenal juice always pre- 
served the physical characters already described, but it also was turbid. 

From aU the experiments on “paralytic” secretion, it can be said 
that cutting the greater splanchnic in the thorax “releases” the 
duodenum only and that cutting all preganglionic fibres “releases” 
the whole of the small intestine; if recovery is allowed after ciitting 
the preganglionic fibres the coehac ganglia take over an inhibitory role, 
as shown by the free secretion which occurs if they are later removed. 


The Effects of Eserine and Acetylcholine. 

As a preliminary to testing the effects of acetylchohne, eserine was 
given to decerebrate animals with the intestines cannulated as usual, 
but with the nerve supply intact. In some cats, instead of the usual 
two doses of 0'6 mg. of eserine subcwtem at 20 minutes’ interval, 
three or even four doses of this amount w'ere given at the same interval. 
While waiting for the drug to take effect before giving acetylchohne 
As-e were surprised to see secretion appear from the cannulse in the small 
intestine and duodenum. This observation was frequently confirmed. 
Quite large quantities of juice could be collected from both portions of 
■H intestine. The amount of eserine necessary to produce this effect 
w^s somewhat variable; in some cats secretion began after only two 
^ of 0-6 mg., and in no cat were more than four doses necessary. 
?riL?lv there ’was great variation from animal to animal in the 
ncv with which it was necessary to repeat the administration of 
fcSe to keep the flow going. In no case Avas there a failure of secretion 
odenum but in some cases (two out of seven experiments) 
from the u secretion from the small intestine other than the 

d^^Xnum^ No significant increase of secretion from the stomach 
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occurred. The eserine was effective whether or not the vagus nerve had 
been cut below the lung root. Atropine stopped its effect and sodium 
luminal (150 mg. per Idlo) nearly did so. In no case in which eserine 
produced a flow of intestinal juice was there any secretion of sweat on 
the pads of the feet, of mucus in the trachea or of saliva. 

The effect of eserine is shown in the following protocol : — 

Cat 108. Female, 3‘00 kg. 

12.30. Ether aniesthesia. 

Bile and accessory pancreatic ducts tied, pancreatic duct 
cannulated. Submucous ligature tied at pylorus, duo- 
denum cannulated and a loop of small gut 15 cm. long 
tied off and cannulated. 

14.20. 0’6 mg. eserine subcuiem. 

14.40. O'O mg. eserine subcutem. 

15.00. 0-6 mg. eserine siLbcutem. 

16.42. 0-6 mg. eserine subcutem. 

17.00. From stomach 2-1 c.c. of juice. 

From duodenum 6-5 c.c. of sticky juice, 1 c.c. neutralises 
0-3 c.c. N/10 HCl ; the mucus is not precipitated by adding 
acid. 

From ileum 22-0 c.c. of slightly sticky juice, 1 c.c. neutralises 
0-15C.C.N/10 HCl ; the mucus is precipitated by adding acid. 

18.05. Drop or two from stomach. 

4-3 c.c. duodenal juice. 

0-8 c.c. ileal juice. 

18.35. 0’6 mg. eserine. 

19.05. 4-1 c.c. duodenal juice. 

12-0 c.c. ileal juice from intestinal loop (from which tip of 
cannula had come out). 

The effect of eserine was also tested on a cat bearing a duodenal 
fistula. A dose of 0-6 mg. was given subcuiem to this animal after it 
had been starved to abolish secretion from the fistula. The animal 
rapidly showed signs of excitement, inco-ordination and itching. 
Secretion soon appeared at the mouth of the fistula and continued for 
an hour. The excitement of the animal prevented collection of the 
secretion. 

The secretion produced in the duodenum by eserine was sticky and 
almost clear and had the characteristics described for the juice produced 
vagal stimulation. That from the small gut differed in being watery 
Avith no stickiness whatever, and even the last portion of as much as 
35 c.c. of secretion collected from a small loop was turbid from cells 
floating in it. It was just alkaline to litmus and had no significant 
neutrabsing value. 

Acetylcholine was given subcutem, after eserinisation, to decerebrate 
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cats of wliich the intestines had been cannulated. The maximum safe 
dose for animals which had been prepared as described and had been 
left for 2 hours to avoid anaesthetic effects was 2 mg. This dose gave 
a definite increase in the rate of secretion from the small intestine, or 
started secretion if not already present, and gave a slight increase in 
gastric secretion. When, however, a full rate of secretion had been 
excited by four doses of 0-6 mg. eserine, acetylcholine did not increase 
the rate of secretion. The intestinal juice changed somewhat in 
character after giving acetylcholine. The change ranged from an 
increase in the turbidity of the juice, through an intermediate stage 
with “clots” of cast-off villous epithelium, to a juice in which villi and 
some blood were present. At the post-mortem examination the in- 
testines which had shed villi showed localised haemorrhage patches m 
the mucosa up to 1 cm. in diameter from which the viUi both maero- 
scopically and microscopically were gone. This effect was inliibited 
by atropine sulphate (1 c.c. of a 1 per cent, solution given intravenously). 


Injixience of Hormones on Intestinal Secretion. 

Delezenne and Frouin [1904] were the first to report an abundant 
secretion from a fistula in response to the intravenous injection ot 
secretin-containing preparations. Their fistula was made from the 
duodenum (below the pancreatic duct) and upper jejunum ot a dog. 
•Rottazzi and Gabrieli [1905-06], in acute experiments on dogs, found 
that large injections (15-40 c.c.) of duodenal extracts produced a 
secretion of clear and slightly yeUow juice which sometimes^ contained 
Lucus and debris; they thought the active substance was a secretin 
Smilar to pancreatic secretin. Foa [1908] could not always obtain a 
f^retion by Bottazzi and Gabrieli’s method, and many dogs were luUed 
secre Brvnk [1911] failed to confirm Delezenne and 

by the inje ^ 200-300 c.c. of HCl of different strengths into the 
’(“'"“.raS .ofL 'Lre-ed secretion from » Thiry-Yella flstnla. 
stomach ^ Pad obtained a secretion by this procedure, 

Delezenne stimulus came from the intestine, not 

though they Drouin [1905] found that the intravenous injection 

from the ' jr caused intestinal secretion; his result is possibly 

of observation of Volborth [1925] that the deposit from 

explained by r a “secretin” which stimulates the pancreas 

intestinal juice con effect on the pancreas from his injections). 

Sd Jeportrd Diat injections of highly purified secretin products 
Agren [1934J repu , though his results are perhaps not very 
caused intestinal » reported stimulation of intestinal secretion 

clear cut. Authors gubstances [Mironescu, 1909; 

by a variety ,024 a and b, 1926]. Ivy et al. [1927] noted 

Hirata, 1910‘> blomar , - i^stine transplanted beneath the skin 

incidentally that loops 01 
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secreted “normal” intestinal juice, presumably in response to mechanical 
stimulation. Florey and Harding [1935 a and b] transplanted the first 
part of the duodenum subcutaneously in cats and showed that such 
denervated fistulaj responded to feeding after starvation by secreting 
a clear mucoid juice; no local or artificial stimulation of any sort was 
used. The same fistulie secreted in response to an intravenous injection 
of highly purified secretin. Nasset ct al. [1935], Nasset [1938], and 
Nasset et al. [1938] performed experiments demonstrating the possi- 
bility of a humoral stimulus to intestinal secretion, but they doubted 
whether secretin was the hormone concerned. They described a new 
hormone, enterocrinin, which they believed was the substance involved. 

The following experiments on the influence of hormones on secretion 
were performed exclusivelj*^ on that part of the intestine containing 
Brunner’s glands. 

Cats . — We have repeated the transplantation of the duodenum on 
four cats with results which agree with those previously reported. 
There can be no reasonable doubt that some humoral mechanism 
exists in the cat for the activation of the upper part of the duodenum. 
Intravenous secretin caused secretion from these fistulse. 

Pigs . — ^The humoral control of duodenal secretion has also been 
investigated in the pig. Transplantation methods were again used. 
A portion of duodenum from between the bile and pancreatic ducts 
was isolated [Goodfriend et al., 1938] and placed subcutaneously while 
still retaining its mesenteric pedicle, in the way already described for 
the cat and rabbit [Florey and Harding, 1935 a]. Six weeks later 
the pedicle was cut, thus isolating the fistula beneath the skin of the 
abdominal wall. 

Three pigs were operated on in this way, and in all the fistulse have 
secreted in response to food, even on the day following the cutting of 
the pedicle. The following protocol shows the amounts of secretion 
obtained in one of these pigs with a subcutaneous fistula : — 

The pig was starved for 24 hours, but was allowed water. The 
secretion was then collected. 

1st hour, 0-8 c.c. 

2nd hour, 0-1 c.c. 

3rd hour, 0-0 c.c. 

4th hour, 0-0 c.c. 

The pig was then fed. 

1st hour after feeding, 9-8 c.c. 

2nd hour after feeding, 13T c.c, 

3rd hour after feeding, 13-0 c.c. 

The secretion was typical mucoid duodenal juice. 

Thus in the pig as well as the cat the duodenum secretes a mucoid 
fluid in response to food after all extrinsic nervous influences have been 
removed. 



90 


Wriglit, Jennings, Florey, and Lium 


Fully innervated fistulfe of the pig’s duodenum have been made for 
comparison unth the foregoing isolated fistulfe. As this type of fistula 
has not been prepared before in the pig a description of the method 
is given. 

A young pig (usually weighing about 12 kg.) was starved for 24 
hours before operation. Open ether ansesthesia was used. The pyloric 
end of the stomach was brought out through a midline incision. A cut 
was made through the muscle, parallel to the long axis of the pylorus, 
and the mucosa was dissected off the muscle all round the pylorus vdth 
as little disturbance to the muscle as possible. The mucosa was then 
cut through, the upper cut end was insewn and the lower part was 
excised as far as the beginning of duodenal mucosa. The bared gastric 
muscle was brought together by a few loose stitches and the longitudinal 
cut in the muscle was sewn up. In this way the lumen of the duodenum 
was separated from that of the stomach, wliile leaving the nervous 
pathways in the muscle and along the vessels intact. Next the bile 
duct was detached from the duodenum ; in some cases a piece of duo- 
denal mucosa round the entrance of the duct was excised, in others 
the duct was cut across where it entered the intestinal muscle. The 


hole left in the duodenum was sewn up. The duodenum was cut 
across above the pancreatic duct. The lower cut end was insewn and 
the bile duct was anastomosed to this part of the duodenum near the 
suture-line. If the papilla had been excised with the duct the mucosa 
surrounding it was sewn into a small hole in the duodenum. If the 
duct had been cut across the best proceditre was found to be to tie a 


glass cannula into the free end of the duct; a short piece of rubber 
tubing was slipped on to the cannula to make subsequent manipulations 
easier. A small hole was made in the duodenum through which the 
rubber tube was pushed, followed by the glass cannula and the cut end of 
the duct. A purse string suture previously placed around the hole in 
the gut was tied round the duct and cannula and, to hold it more firmly, 
the duct was sutured into an appropriately placed gutter made by 
infolding the walls of the duodenum. We consider this procedure 
easier than transplanting the papilla of the bUe duct. A gastro- 
enterostomy was made to a convenient loop of intestine. The upper 
cut end of the duodenum was brought to the midline abdominal 
• ■ 'on to form the opening of the innervated duodenal fistula. 

Tnimals so operated have been kept in health for months after opera- 
+• Tlmee were Idlled for reasons unconnected with the fistula at 
or and 7 months after operation; one is in good condition at the 
■ f writing 8i months after operation. 

° h a fistula secretes considerable quantities of mucoid juice, 
similar in physical appearance to that secreted by a totally 
exactly These fistul® also react to starvation and feeding 



Influence of Nerves and Drugs and Investigation of Enzymes 91 

The pig was starved for 24 hours, but allowed water. Tlic secretion 
was then collected. 

1st hour, 1*2 c.c. 

2nd hour, 0-3 c.c. 

3rd hour, 0-0 c.c. 

4th hour, 0-0 c.c. 

The pig was then fed. 

1st hour after feeding, 15-8 c.c. 

2nd hour after feeding, 17-3 c.c. 

4th hour after feeding, 17-0 c.c. 

Dogs . — Some observations on the efi'ects of starvation and of 
secretin injections were also made on upper duodenal fistulas in dogs. 
Ponomarew [Babkin, 1928] worked with dogs and appears to have been 
the first to prepare fistulae of that part of the intestine containing 
Brunner’s glands. His preparations (2 dogs) gave a small flow of 
mucoid alkaline juice which appeared to be uninfluenced by starvation. 
Ponomarew’s fistulse were presumably innervated by the vagus, as he 
closed the pylorus by a submucous ligature leaving the muscle intact. 
Elorey and Harding [1934] made fistulaj in 2 dogs in which the stomach 
was cut right across at the pylorus; these fistulas were therefore 
partially denervated. An alkaline mucoid juice was obtained — about 
1-5 c.c. per hour — the flow of which was reduced but not abolished by 
24 hours’ starvation. 

In the present work difficulties were encountered in preparing the 
fistula in one operation. Although the surgical procedures appeared 
to be adequate the first three dogs died 3, 5, and 11 days after operation. 
There was nothing obvious to account for these deaths as the dogs 
were not greatly shocked after operation and appeared to do well until 
they died quite suddenly. By adopting the following two-stage pro- 
cedure we prepared two very satisfactory animals. 

At the first operation the mucosa of the stomach just proximal to 
the pylorus was separated from the muscle by blunt dissection through 
an incision placed longitudinally in the gastric muscle near the greater 
curvature. In this way a minimum of disturbance to the nerves 
passing from the stomach to the duodenum was ensured. The mucosa 
was then cut across and the proximal end insewn; the distal end was 
removed as far as the pyloric ring, which was then closed by sutures. 
The incision in the gastric muscle was sewn up and a gastro-enterostomy 
was made to the first part of the jejunum. The abdomen was sewn up 
and the animal allowed to recover for 14 days. 

At the second operation the duodenum was cut across just above 
the bile duct and the distal end Avas inseAvn, avoiding compression of 
the bile duct. The proximal cut end was brought to the surface in the 
upper part of the midline abdominal incision and sewn to the muscle 
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and skin. The animals were fed on milk, syrup and crushed biscuit, 
■with meat after the first 3 days. They are ahve and weU 2-| and 3 
months respectively after the second operation. The fistulse secrete 
a clear mucoid juice which has floating in it small white flecks of 
debris some of which are difiicult to centrifuge out. The juice is 
either colourless or faintly brown. The following are some figures 
illustrating the effects of 24 hours’ starvation and subsequent 
feeding ; — 

After 24 hours’ starvation (water allowed) a pot was tied over the 
opening of the fistula. 

1st hour, 0-0 c.c. 

2nd hour, 0-0 c.c., fistula completely dry. 

3rd hour, 0-0 c.c., fistula completely dry. 


The dog was then fed. 

1st hour after feeding, 0-9 c.c. 

2nd hour after feeding, l-S c.c. 

3rd hour after feeding, 1-5 c.c. 

The other dog gave a similar result and secreted 1-6, 2-1, 2-0 and 
2'0 c.c. of juice in the first 4 hours after feeding. The fistulse in these 
dogs therefore reacted to starvation in the same way as those in cats 
and pigs, and gave decisive evidence that a flow of juice is produced 
by feeding in this species. 

Injections of crude secretin were also given : 

Dog 1. The dog was starved as before. In the two hours before 
the injection no juice could be collected. 2 mg. of secretin were injected 
intravenously and in the next half-hour 0-8 c.c. of typical sticky 
duodenal juice was collected. This rate was approximately the same 


as that after giving food. 

Dog 2 was also starved. No juice could be collected before the 
injection and the mucosa looked dry. 2-5 mg. of secretin were injected 
and secretion was seen inside the fistula within 2 minutes. About 
0-5 c c. was collected in the 15 minutes after the injection, but as the pot 
slipped an exact measurement Avas not obtained. 

^Acuie Experiments. — ^The evidence for a humoral control of the 
duodenal secretion received support from experiments done with 
/I ebrate cats. To test the effect of secretin the intestine and 
eatic duct were cannulated in the usual way. A dose of secretin 
save 2 c.c. of pancreatic juice gave 0-3 to 0-5 c.c. of tenacious 
mucoiJ secretion from the duodenum. Similar secretion occurred each 

time the do^e^was^rep^^ secretin might affect the Brunner’s glands 

A ^ wav as the pancreas, exciting an outpouring of alkali as 
in tbe sara j eserine juice was excited before the 

weU as animals prepared as usual. The alkalinity of the 

secretin ai as gi and after the secretin ; no significant increase 

iuice Avas comparea dbiu 
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occurred. Wlien the secretin was given during stimulation of the vagus 
there was similarly no increase in alkilinity.^ 

Effects of Jlistomwc.— Koskowski [1926] stated that subcutaneous 
histamine injections caused a secretion of intestinal juice from a Thiry- 
Vella fistula in dogs. Ho did not, however, give any figures of the 
quantities obtained. Nechoroschew [1929], using dogs vitli fistulas 
and decerebrated cats and dogs, also concluded that histamine given 
enter ally caused an increase in the motor and secretory activity of the 
intestine. Erom his description it is difficult to know exactly how his 
experiments were done and the amounts of intestinal secretion reported 
were very small. Cajori [1933] examined histamine juice produced 
from dogs reported on later by Berndt and Ravdin [1934]. These 
authors used a modified Thiry loop with Johnson’s [1932-33] catheter. 
They noticed a considerable increase in the amount of secretion following 
the subcutaneous administration of histamine. The increase reached 
its maximum half an hour after the injection. On the contrary Lim 
et al. [1922-23] found no evidence of a secretory effect on the human 
duodenum. Elorey and Harding [1934], from experiments on decere- 
brate cats, concluded that histamine did not stimulate the secretion 
of Brunner’s glands. 

In the decerebrate cat, in the present series of experiments, we 
were not able to collect any secretion from the duodenum after 3-5 mg. 
histamine phosphate, given subcutaneously in divided doses. The 
stomach secreted 85 c.c. of watery acid juice during an experiment 
which lasted 4 hours, but no fluid appeared in the duodenum. The 
administration of eserine then gave a copious flow of duodenal secretion, 
showing that the failure of secretion was not due to any fault in the 
preparation. 

It is possible that some of the positive effects reported were due to 
the liberation of acid gastric juice which passed into the intestine to 
liberate a hormone acting on the intestinal mucosa {cf. section on 
hormone stimulation). 

Histological Investigations. 

Stimulation of the vagi causes great depletion of the mucin con- 
tained in Brunner’s glands; in some cases almost complete exhaustion 
occurs (figs. 1 and 2). 

The effect on the crypts of Lieberkiihn was in some experiments 
negligible, but in others there was flattening of the epithelial cells 
with apparent dilatation of the lumina of the crypts, in which there was 
coagulated material. 

Brunner’s glands also showed evidence of exhaustion following 
section of the splanchnics, and in some specimens there was oedema of 

* The late Professor J . Mellanby very kindly supplied the secretin used in these 
experiments. ' 
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the tips of the villi. Eserine also produced histological evidence of 
activity of Brunner’s glands in some cases, but when acetylcholine 
was also administered great exhaustion of these structures was apparent. 
In nearly all experiments using acetylcholine, however, there was 



Pj( 3 _ 1.— Alveoli of Brunner’s glands from a cat starved during the previous 
24 hours' Mucm (stained with gentian violet) can be seen to fill the alveolar cells, 
' the nuclei of wlucli are flattened towards the cell-base. 


damage to the mucosa varying from slight hemorrhages in the viUi 
to desquamation and destruction of the superficial mucosa. 

In the Moreau-type experiment the appearances were variable. 
T ome there was considerable destruction of the surface epithelium, 
^ifie in others, even if the secretion had been good, no such thing 
^ d In some cases there was flattening of the epithelial cells 
°ftW^Vvpts while the villi retained their normal appearance. 

° T mim UP such histological observations as have been made fully 
f the experimental data concerning the activity of Brunner’s 
hear ou -nresent collection of material does not give any clear- 

cl st„TS”toIogio.l picture of fhe effect, of the Lrioue 
“Lire, on the other intestin.l etrootoree. 
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Fig 2 — Alveoli of Bmnner’s glands exhausted of thoir mucin following vagal 
stimulation. Note wide lumina of alveoli, traces of darkly stained mucin at the 
free borders of the alveolar cells and the rounded clearly seen nuclei each with 

its nucleolus. 


Past II. Enzyme Investigations. 

Inteodijction. 

Duodenal J nice . — Little work has been done on the digestive function 
of juice from the Brunner’s gland area, because in all species it is a 
small part of the intestine and relatively difficult of access. Cohn 
[1854] collected duodenal juice from the horse and accurately described 
its physical characters. Kuhne [1868] stated that the Brunner’s gland 
area gave a viscous extract which did not digest fat, and Brown and 
Heron [1879-80] found that this distinctive extract had the most 
feeble digestive power of any extract from the small intestine. The 
St. Petersburg school (working entirely, so far as is known, with dogs) 
reported that duodenal juice contained pepsin and rennin-hke enzymes 
[Ponomarew, 1902, quoted by Babkin, 1928; Pawlow and Parastschuk, 
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the tips of the %dlli. Eserine also produced histological evidence of 
activity of Brunner’s glands in some cases, but when acetylcholine 
was also administered great exhaustion of these structures was apparent. 
In nearly aU experiments using acetylcholine, however, there was 



j_ Alveoli of Brunner’s glands from a cat starved durmg the previous 

24 hours." Mucin (stained with gentian tuolet) can be seen to fill the alveolar cells, 
the nuclei of which are flattened towards the cell-base. 


damage to the mucosa varying from slight haemorrhages in the villi 
to desquamation and destruction of the superficial mucosa. 

In the Moreau-type experiment the appearances were variable. 
In some there was considerable destruction of the surface epithelium, 
while in others, even if the secretion had been good, no such thing 
d In some cases there was flattening of the epithelial cells 
crypts while the villi retained their normal appearance. 

° To sum up, such histological observations as have been made fully 
t the experimental data concerning the activity of Brunner’s 
bear ou ^regent collection of material does not give any clear- 

flTor consistent histologicaJ_ picture of the effects of the various 
procedures on 


itent mstoiogiuui n* — 

^ the other intestinal structures. 
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from ruptured cells, and a stronger amylase and [1935] traces of 

Babkin [1928], in his review of intestinal secretion, stated that feeble 
amylase and lipase, stronger invertase, maltasc and lactase and also 
nuclease, erepsin and enterokinasc Avere present in the juice. 


Sources of Rcporlei Enzymes. 

Intestinal juice consists of a secreted fluid together Avith intestinal 
bacteria and cast-off cells, so that beside the secretion possible sources of 
enzymes are bacteria and ruptured cells. Traces of gastric and pan- 
creatic enzymes adhering to the mucosa could be found in acute or 
recent preparations. 

Leube [1868] found that filtered juice did not always digest cane- 
sugar, Avhereas the Avhole juice did so, and he Avas the first to suggest 
that the enzymes originated in the “Elocken” and passed from them 
into the fluid part of the juice. 

The “Flocken” of the German literature Avere floccules of mucus 
mixed with opaque matter Avhich sank in the juice; they were present 
in juice obtained by a variety of methods of stimulation. As an ex- 
treme instance, Masloff [1882] reported a mass occupying a third of the 
volume of the juice. Microscopic examination shoAved the floccules to 
contain “mucous cells” [Masloff], round cells [Dobroslawin, 1870], 
leucocytes [Gumilewski, 1886], “fat” from ceU debris [Rohmann, 1887], 
and coccoid bacteria [Pregl, 1895]. The cells were usually very de- 
generate. Hermann and Ribere [1931] found leucocytes, desquamated 
epithelial cells and mucus in juice from a human fistula. Even in 
relatively clear juice a small deposit can usually be obtained on centri- 
fuging and shown to consist of amorphous material containing bacteria 
and a few stiff recognisable cells [Florey and Harding, 1934], ICiihne 
[1868] was one of the few workers who described juice from a fistula 
as being clear and free from floccules. 

Ramond [1904] observed that mucosal cells and leucocytes were shed 
from the mucosa of the intestine during digestion. In the fistula, 
peristalsis and the normal growth of the mucosa may similarly cause 
cells to be shed into the juice, while partial obstruction or slight 
sepsis at suture-lines would account for the presence of polymorphs 
and of non-intestinal bacteria. Leube found that solid matter 
accumulated in the fistula during starvation, when no fluid was being 
secreted. 

(a) Cell Enzymes . — ^No one disputes that the epithelial cells of the 
intestinal mucosa contain enzymes wliich can split food substances, for 
example, peptidase (erepsin) [Cohnheim, 1901] and invertase [Paschutin, 
1871; Bernard, 1873]. Less is known about the enzymes of round 
cells and polymorphs. A number of workers have compared turbid 

VOL. XXX., NO. 1.— 1940. 7 
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1904] and a feeble or inconstant am 3 dase, invertase, and lipase [Pono- 
marew]. Abderhalden and Rona [1906] confirmed the pepsin-hke 
enzyme. Pavlov [1910] said that trypsin was chiefly activated by the 
duodenal secretion. In 1934 Florey and Harding, using rather crude 
methods, tested for enzymes in juice from duodenal fistulas in the goat, 
pig, dog, cat and rabbit. They found a pepsin-like enzyme in the goat 
and dog, and a trace of lipase in the dog. 

Juice from the Jejumini and Ileum. — In contrast with duodena] 
juice, the succus entericus from the rest of the small intestine has often 
been investigated. Frerichs in 1846 claimed to be the first to tie off 
an empty loop of small intestine and collect and describe the juice 
which accumulated in it. The same method was used by Cohn [1854], 
but was superseded in 1864 by Thiry’s operation for maldng a permanent 
fistula, subsequently modified by Vella [1888]. 

A great many experiments were reported in the fifty years after 
Thiry described his operation, culminating in a spate of work from the 
St. Petersburg school after 1899, summarised by Pavlov in The Work 
of the Digestive Glands [1910]. Chemical methods were primitive and 
possible fallacies often not recognised, so nothing is to be gained by 
reviewing the work of this period in detail ; there were many negative 
results, but the enzymes reported present by one or another worker 
included amylase, invertase, maltase, lactase, arginase and trehalase, 
splitters of fibrin, egg albumen, meat and casein, a rennin, a lipase, a 
fat emulsifier, splitters of peptone and peptides (erepsin), and 


enterokinase. 

Recent workers have also found a variety of enzymes. Orbeli and 
Sawitch [1917] found in human intestinal juice amylase, invertase and 
maltase, lipase, erepsin and enterokinase, but no lactase. In human 
ileal juice, Hermann and Ribere [1931] found no enzyme digesting egg- 
white a doubtful lipase, a strong invertase, feeble amjdase and entero- 
kinase and an erepsin which was strong during digestion and weak or 
absent in starvation. Bickel and Kanitz [1934] found amylase and 
erepsin, but no lipase, in mucus-free samples of uncentrifuged human 


^ In dog intestinal juice Roger and Binet [1921] found lipase, le Breton 
d Mocoroa [1931] found peptidase and enterokinase but no trypsin- 
rke enzyme, and Koskowsld [1926] found amylase and invertase, but 
^ ibed them as endo- {i.e. cell) enzymes. Sehwichtenberg and 
escr Qg 3 j_ 32 ], using juice from closed intestinal loops, found in- 
per cent, of jejunal and 60 per cent, of ileal samples, and 
ve ^ Pierce et al. [1935], who macerated the deposit 

sunernatant juice, found amylase, invertase, maltase, lactase, 
^V-Itn wie r lipase; casein and albumen were not digested at 

aelatine was sHghtly digested when bile was present. Cajori 
[ 933] foun*! erepsin and invertase, winch he thought came 
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proteins tlieinsolves.” They adduced no chemical or other evidence 
for this supposition, but supi^orted it [Nasset ct al., 1935] by calculating 
that 0-5 mm. of mucosa would harm to be shed from the surface of a 
Thiry fistula to produce the amount of solid material in a 6-8-hour 
collection of juice. Their method of collection, however— passing a 
catheter to the end of the fistula— may damage the mucosa and rub 
off many cells. 

Nearly all other authors who have considered the point have con- 
cluded that some of the enzymes reported in intestinal juice are endo- 
enzymes from the mucosal cells and not exo-enzymes secreted into the 
juice. Gamgee [1893] reviewed earlier work and concluded that 
amylase was in the juice, but invertase was mainly in the cells ; Bierry 
[1912] and Bierrj^ and Frouin [1906] thought that maltase was secreted, 
but invertase rvas in the cells; Euler and Svanberg [1921], discussing 
invertase onl}^ thought that it came from cells and Koskowski [1926] 
that the amylase and invertase found in the juice were both cell- 
enzymes. Rohmann and Nagano [1903], working on absorption, 
concluded that cane-sugar and maltose were spht partly in the gut 
lumen but mainly in the mucosa during absorption, and that lactose was 
not split by the juice and only slightly in the mucosa. Cajori [1933], 
who combined investigation of the juice with experiments on absorption 
from the fistula, found that starch was digested by the juice and 
absorbed from the fistula at about the same rate, but that the juice 
secreted in a given time only split a small proportion of the cane-sugar 
and peptone which could be absorbed from the fistula during the same 
length of time, and he concluded that certain food materials were mainly 
digested during their passage through the mucosa. Starling [1911] 
mentioned that a similar view was held by many physiologists. More 
recently Howell [1926] wrote: “Experiments have shown that this 
liquid (the intestinal secretion) has little or no digestive action except 
upon the starches, and it may perhaps be doubted whether it is a true 
digestive secretion. Extracts of the walls of the small intestine or the 
juice squeezed from these walls have been found, on the contrary, to 
contain four or five different enzymes and to exert a most important 
influence upon intestinal digestion. These enzymes belong probably 
to the group of endo-enzymes, and are not actually secreted into the 
lumen of the intestines. While they are not, strictly speaking, con- 
stituents of the intestinal juice, nevertheless it is their action on the 
food which forms the characteristic contribution to the process of 
digestion made by the glands of the intestinal wall.” 

_ (b) Bacterial Enzymes.— Lenhe [1868] noticed that his digest 
mixtures became acid and found “vibriones” in them. Kiihne [1868] 
iscussed the theory that Pasteur’s organisms were responsible for 
igestion, but argued that higher animals must be as capable of produc- 
ing chemical ferments as the little “torulaces and vibriones.” Masloff 
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or nincoid juice or centrifuged deposit, which would all be likely to 
contain cell debris, with clear or fluid juice. 


Kiiline [1868] compared clear fistula juice, which did not digest starch, fat, 
albumen or meat, with juice obtained by other workers from tied-off loops 
which, owing, he believed, to pancreatic enzymes or to solid matter, digested 
those substrates. Tubby and Manning [1892] noticed that starch and cane- 
sugar were more often digested by the mucous than by the fluid part of the 
juice from a human fistula. Frouin [1906] found saponification of fats by 
whole juice from dog fistulse, and by the centrifuged deposit, but not by centri- 
fuged and filtered juice. Bierry and Frouin [1906] found that at the height 
of secretion dog fistula juice was turbid owing, they believed, to cell debris 
separated from the fistula by peristalsis. By first washing out the fistula they 
were able to collect clear juice. Both turbid and clear juice were centrifuged 
and passed through a Berkefeld filter. The clear juice digested maltose, not 
starch or cane-sugar; the turbid juice digested maltose, starch, cane-sugar 
and trehalose; extracts of intestinal mucosa treated in the same way digested 
the same four carbohydrates. Jansen [1910] with dog fistulas found that the 
mucoid part of the juice was more lipolydic than the supernatant fluid. 
Koskowski [1926], also working with dogs, compared clear juice, turbid juice, 
and turbid juice which had been shaken with glass beads to break up the cells; 
the first two digested starch and cane-sugar feebly, the last strongly. 


These all found that the digestive power of turbid or mucoid juice 
was stronger than that of clear or fluid juice. On the other hand 
Dobroslawin [1870] found that floccules suspended in water were less 
amylolytic than filtered juice. Hamburger and Hekma [1902 and 1904] 
found that both filtered and unfiltered juice digested casein, peptone, 
starch and cane-sugar, and that both contained enteroldnase; their 
subject was a human patient and it is likely that unfavourable con- 
ditions such as a long time or a high temperature during collection 
might lead to cells breaking up and liberating their enzymes before 
the juice was filtered; relatively rough chemical tests might then fail 
to show any difference in the digestive power of the two kinds of juice. 
The same fallacies may account for the finding of amylase, invertase, 
erepsin and enteroldnase by Hermann and Ribere [1931] in human 
fistula juice in spite of prolonged and vigorous centrifuging. Foa [1908] 
took precautions against cell enzymes by centrifuging dog fistula juice 
soon as it was collected and later passing it through a bacteriological 
filter and it is a pity that his chemical methods do not justify his 
conclusion that peptone was digested. 

Pierce ei al. [1935] showed, like the earlier authors quoted, that 
trifuaed juice digested several substrates feebly, but that juice 
1 had been shaken with glass beads to macerate the deposit 
"^ted them more strongly. The deposit, which varied in amount 
often considerable, contained a few mucosal cells, but was 
and it appeared “like a partially coagulated state of 

mainly a ^nd* the 'authors thought it seemed “certain that the 
the pro particles adsorb the enzymes or are the enzyme 
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In addition, certain comparisons have been made. The duodenal 
juices obtained from acute cat preparations by different stimuli (sym- 
pathetic section, administration of eserine, etc.) have been compared 
with each other and with juices from other levels of tlie small intestine 
produced by the same stimuli. The duodenal juices obtained from 
permanent fistulje in five different species of animal have also been 
compared. The distribution, cellular constitution, and staining pro- 
perties of Brunner’s glands vary from species to species [Elorey and 
Harding, 1933, 1934; Carleton, 1935], which justifies a search for 
differences in the properties of the secretion. Thirdly, a comparison 
has been made betAveen juice secreted in response to natural hormonal 
stimuli alone and in response to nervous and hormonal stimuli together, 
f.e. beWeen juice from denervated and innervated fistulfe. Bowie 
and Vineberg [1936] slioAved that in the stomach histamine produced a 
maximal secretion of HCl but no pepsin, wliereas stimulation of the 
vagus produced both acid and pepsin. Pancreatic secretion also A’^aries 
according to the stimulus applied. It aa'ss thought that changes of 
the same sort might occur in the enzyme content of the duodenal 
secretion. 


Methods. 

The methods used for obtaining juice from acute preparations and 
for making permanent fistulee have already been described. 

Collection of Juice from Permanent Fislulce. 

The duodenal fistulse, both transplanted and innervated, secreted 
spontaneously during digestion in ah the five species of animal used and 
the rate of secretion remained constant for each animal for months. 
Nothing is known about the methods used by Ponomarew and other 
Russian Avorkers for collecting juice from duodenal fistulse. The 
majority of workers on the jejunum and ileum have inserted a catheter 
into the fistula to drain it and, by mechanical stimulation, to increase 
the output of fluid. Thiry [1864] and Rohmann [1887] believed fluid 
obtained in this way to be the normal output of the intestinal glands, 
but Boldyreff [1928] stated that it differed from spontaneously secreted 
juice in barfing weaker enzymes and an inconstant composition, and 
believed it to be a mixture of exudate and natural juice. Pavlov 
[1910] believed that a protective secretion of water was produced, as 
the kinase content of the juice fell rapidly during a period of mechanical 
stimulation. Mechanically stimulated juice necessarily contains an 
abnormal number of epithelial cells and sometimes blood. 

By tying a small crucible or pyrex pot over the mouth of a duodenal 
fistula it is possible to collect spontaneously secreted juice without 
touching or stimulating the mucosa in any way. This method has 
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[1882] noticed that solution of fibrin only occurred when the smell of 
the juice indicated decomposition and microscopy showed bacteria. 

Many workers used antiseptics to prevent bacterial action. Masloff 
used thymol and discussed whether it inhibited the enzyme action he 
was looking for; Mendel [1896] used thymol or sodium fluoride; 
Widdicombe [1902] found that thymol effectively inhibited bacterial 
action; Boldyreff [1906-07] used calomel or thymol; Sawitch [1917] used 
several different antiseptics separately or together and had identical 
results with all, and Bierry [1912] passed the juice through a Berkefeld 
filter or used three different antiseptics together. Bastianelli [1892] 
took more elaborate precautions, washing out the fistula with thymol 
before collecting the juice and using sterilised vessels; the juice con- 
tained floccules and shreds of mucosa and he found that starch and 
cane-sugar were digested and that egg-white, fibrin and albumose were 
not. Jliura [1895], when investigating the inverting properties of the 
intestinal mucosa of animals, ingeniously used the mucosa from stillborn 
infants as a sterile control ; he concluded that inversion by the mucosa 
Avas independent of bacterial action. Hamburger and Hekma [1902] 
cultured the juice from their human patient and inoculated the growth 
into boiled juice and, after incubating, used the culture or its filtrate 
as a control to fresh juice ; they showed that the culture or its filtrate did 
not activate trypsin, whereas the fresh juice did. 

Bacterial enzymes probably caused digestion, as Masloff suggested, 
in early experiments, when food substances were left in the juice or 
even inside the fistula for several days and solid pieces of meat, fibrin 
or coagulated egg-white were found to be “dissolved.” But later 
experiments lasted a shorter time and Avere done in vitro, and those 
workers who took steps to lessen bacterial action found no difference 
in the results of the tests. 

Summarising the literattcre, juice from duodenal, jejunal and ileal 
fistulm clearly contains a number of enzymes which digest food sub- 
stances. The enzymes do not appear to be bacterial, but there is 
considerable evidence that some of them come from autolysed cells and 
are not secreted Avdth the fluid part of the juice. Possible exceptions are 
amylase and perhaps maltase; the source of the enteroldnase in the 
juice has not been thoroughly investigated. 

Present Work. 

The experiments described in the first part of this paper have given 
+h ouportunity to investigate the digestive action of duodenal juice 
K+ained by a variety of experimental methods. Since many samples 

■ >e were almost ceU free, while others contained many cells, it has 
deduce some of the digestive properties of the secreted 

S those of the .hole joice. 
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When a few drops or a loopful of the incubated digest at each pH 
were cultured on agar slopes, the cultures were usually steiile; some- 
times they grew one or two colonies. The presence of colonies bore no 
relation to the occurrence of digestion, and a sterile digest and one 
which grew a colony gave identical results when digestion was estimated. 


Meiliois of Testing for Enzymes. 

The following buffer solutions were used:-— 

pH 2-8: Sorensen’s buffers [Clark, 1928]; 
t.e. pH 2, 3, and 4, citrate-HCi; 
pH 5 and 6, citrate-NaOH; 
pH 7, phosphate; 
pH 8, borate-HCl; 

pH 8 and 9, veronal-HCl [Mchaehs, 1930]. 

The borate buffer was used at pH 8 for ammonia estimations as the 
veronal buffer was found to give off small amounts of a volatile base 
after incubation. The veronal buffer was used for all other methods. 

1. Proteases . — The substrates were 5 p.c. egg albumen, 3 p.c. 
gelatine and 5 p.c. casein (“soluble” or Hammarsten’s casein from 
Schering-Kahlbaum). Each experiment was set up at pH 2, 4, 6 
and 8 or at pH 2, 5, 7 and 9. In a few early experiments digestion 
was looked for by estimating increases in amino-nitrogen, but the method 
was abandoned as the increase would be too small if digestion proceeded 
only to the poly-peptide stage. In subsequent experiments the digest 
was treated with trichloracetic acid or colloidal iron and increase in 
non-precipitable nitrogen was estimated by micro-Kjeldahlisation 
followed by micro-estimation of ammonia [Conway and Byrne, 1933; 
Conway, 1935]. 

2. Gathepsin . — Eor activation, the juice (4 c.c.) was incubated with 
HgS water (1 c.c.) at 37° C. for half an hour. The HoS was then removed 
in vacuo at room temperature and the juice was set up for digestion 
with gelatine and either albumen or casein at pH 4, 6 and 8 or pH 5 
and 7 . Increase of non-precipitable nitrogen was estimated as above. 

3. Poly- and Di-peptidase . — ^The substrates were 5 p.c. “Difeo” 
bacto-peptone and 1'25 p.c., 3 p.c. or 5 p.c. glycyl-glymine (Hoffmann- 
La Roche). Each experiment was set up at pH 2, 4, 6 and 8 or at 
pH 2, 6, 7 and 9. The criterion of digestion was increase in amino- 
nitrogen, estimated by the semi-micro-method of Van Slyke [1913-14]. 

4. Amylase . — ^The substrate was 1 p.c. boiled potato starch 
solution. Each experiment was set up at three or four different H-ion 
concentrations between pH 4 and pH 9. The criterion of digestion 
was increase in reducing power. Hagedorn and Jensen’s [192.3] 
method for estimating reducing substances was used at first, but later 
was replaced by SEUer and Van Slyke’s [1936] method, in which ferro- 
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been used throughout the present work. As soon as possible after 
collection the juice was centrifuged fast enough to throw down macro- 
scopic particles, and was immediately poured off from the deposit. 
Then it was shaken with toluol and put in the ice-chest till it was used, 
usually the next day.- 

A-ppearance of Juice. 

Acute jtiices obtained by vagal stimulation, splanchnicotomy and 
eserinisation were opalescent and had a small deposit. Post-ganglionic 
sympathectomy juice was turbid -with cells, Acetylchohne juice was 
turbid with cells and often contained w’-hole villi and blood. 

Permanent Fistulce. — Pig juice was usually clear, sometimes faintly 
turbid, and there was usually a small deposit after centrifuging. Cat 
and rabbit juice were almost alw^ays water-clear and often there was 
no visible deposit. Goat juice was clear or slightly cloudy. Dog juice 
more often than the others contained fine floccules; sometimes they 
came dowm completely on centrifuging, but sometimes the finest 
particles remained behind and made the juice faintly’^ turbid. The juice 
from any animal might occasionally be tinged yellow' or brownish, presum- 
ably by blood pigments; very occasionally a few red blood corpuscles 
•were present. There was no difference in appearance or consistency 
between juice from transplanted and innervated fistulm. Centrifuged 
deposits consisted of mucus and disintegrating epithelial cells. 


Precautions Against Extraneous Enzymes. 

1. Gastric and Pancreatic Enzymes. — These were removed in all 
acute experiments by carefully washing out the loop of intestine with 
saline, or by throw’ing away the first few c.c. of juice collected. 

2. Cellular Enzymes. — The first precaution with permanent fistul® 
was never to collect juice until the fistula was perfectly healed, the 
second was not to touch the fistula during the collection so as to avoid 
rubbing off any mucosal cells, and the third, which applied to acute 
and permanent preparations, was to centrifuge off as many cells as 
possible immediately the juice had been collected. 

To show the effect of epithelial cells collections of duodenal and 
ieiunal juice were divided into tw'o parts. One part was centrifuged 
and to the other small amounts of scrapings of intestinal mucosa w'ere 
added Tests for di-peptidase and invertase show'ed that, whereas the 
ntrifused juices did not digest the substrates, strong digestion occurred 
in the sLples which contained mucosal scrapings. 

^ Bacterial Enzymes.— The juice was shaken wath toluol as soon as 
•f been centrifuged, unless it was to be used immediately. Toluol 
1 o^riprl to aU digest mixtures except m the few lipase tests 
Xfonlf tied <3 houi About 4 dropt were added to e.eh e.c. 

of the mixture. 
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When a few drops or a loo]>ful of the incubated digest at eaeli pH 
Avere cultured on agar slopes, the cultures were usually sterile; sonic- 
times they grew one or two colonies. The presence of colonics bore no 
relation to the occurrence of digestion, and a sterile digest and one 
which grow a colony gave identical results when digestion was estimated. 


Methods of Testing for Enzymes. 

The following buffer solutions were used ; — 

pH 2-S: Sorensen’s buffers [Clark, 1928]; 

i.c. pH 2, 3, and I, citratc-HCl; 
pH 5 and G, citrate-NaOH; 
pH 7, phosphate; 

I)H S, borate-HCl; 

pH 8 and 9, veronal-HCl [lilichaclis, 1930], 

The borate buffer was used at pH S for ammonia estimations ns the 
veronal buffer was found to give off small amounts of a volatile base 
after incubation. The veronal buffer was used for all other methods. 

1. Proteases . — The substrates were 5 p.c. egg albumen, 3 p,c. 
gelatine and 6 p.c. casein (“soluble” or Hammarsten’s casein from 
Schering-Kahlbaum). Each experiment was set up at pH 2, 4, G 
and 8 or at pH 2, 5, 7 and 9, In a few early experiments digestion 
was looked for by estimating increases in amino-nitrogen, but tlie method 
was abandoned as the increase would be too small if digestion proceeded 
only to the poly-peptide stage. In subsequent experiments the digest 
was treated with trichloracetic acid or colloidal iron and increase in 
non-preeipitable nitrogen was estimated by micro-Kjeldahlisation 
followed by micro-estimation of ammonia [Conway and Byrne, 1933; 
Conway, 1935], 

2. Cathepsin . — For activation, the juice (4 c.c.) was incubated with 
HjS water (1 c.c.) at 37® C. for half an hour. The H^S was then removed 
in vacuo at room temperature and the juice was set up for digestion 
with gelatine and either albumen or casein at pH 4, 6 and 8 or pH 5 
and 7 . Increase of non-precipitable nitrogen was estimated as above. 

3. Poly- and Di-peptidase . — The substrates were 5 p.c. “Difeo” 
bacto-peptone and 1'25 p.c., 3 p.c. or 5 p.c. glycyl-glycine (Hoffmann- 
La Roche). Each experiment was set up at pH 2, 4, 6 and 8 or at 
pH 2, 5, 7 and 9. The criterion of digestion was increase in amino- 
nitrogen, estimated by the semi-micro-method of Van Slyke [1913-14]. 

4. Amylase . — ^The substrate was 1 p.c. boiled potato starch 
solution. Each experiment was set up at three or four different H-ion 
concentrations between pH 4 and pH 9. The criterion of digestion 
was increase in reducing power. Hagedorn and Jensen’s [1923] 
method for estimating reducing substances was used at first, but later 
was replaced by ^Eller and Van Siyke’s [1936] method, in which ferro- 
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been used throughout the present work. As soon as possible after 
collection the juice was centrifuged fast enough to throw down macro- 
scopic particles, and was immediately poured off from the deposit. 
Then it was shaken with toluol and put in the ice-chest till it was used, 
usually the next day. 

Appearance of Juice. 

Acute juices obtained by vagal stimulation, splanchnicotomy and 
eserim'sation were opalescent and had a small deposit. Post-ganglionie 
sympathectomy juice was turbid with cells. Acetylcholine juice was 
turbid with cells and often contained whole villi and blood. 

Permanent Fistulce. — ^Pig juice was usually clear, sometimes faintly 
turbid, and there was usually a small deposit after centrifuging. Cat 
and rabbit juice were almost always water-clear and often there was 
no visible deposit. Goat juice was clear or slightly cloudy. Dog juice 
more often than the others contained fine fioccules; sometimes thej’’ 
came doum completely on centrifuging, but sometimes the finest 
particles remained behind and made the juice faintly turbid. The juice 
from any animal might occasionally be tinged yellow or brownish, presum- 
ably by blood pigments ; very occasionally a few red blood corpuscles 
were present. There was no difference in appearance or consistency 
between juice from transplanted and innervated fistulm. Centrifuged 
deposits consisted of mucus and disintegrating epithelial cells. 


Precautions Against Extraneous Enzymes. 

1. Gastric and^ Pancreatic Enzymes. — These were removed in all 
acute experiments by carefully washing out the loop of intestine with 
saline, or by throwing away the first few c.c. of juice collected. 

2. Cellular Enzymes. — The first precaution with permanent fistula 
was never to collect juice until the fistula was perfectly healed, the 
second was not to touch the fistula during the collection so as to avoid 
rubbing off any mucosal cells, and the third, which applied to acute 
and permanent preparations, was to centrifuge off as many cells as 
possible immediately the juice had been collected. 

To show the effect of epithelial cells collections of duodenal and 
ieiunal juice were divided into two parts. One part was centrifuged 
and to the other small amounts of scrapings of intestinal mucosa were 
added Tests for di-peptidase and invertase showed that, whereas the 
Lntrifuged juices did not digest the substrates, strong digestion occurred 
in the samples which contained mucosal scrapings. 

3 Bacterial Enztjmes.— The juice was shaken with toluol as soon as 
it had been centrifuged, unless it was to be used immediately. Toluol 
added to all digest mLxtures except m the few lipase tests 
^-hLh only lasted 6 hours. About 4 drops were added to each c.c. 

of the mixture. 
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Method of 2'csting for Lysozyme. 

After centrifuging the 3mcc at 6000 r.p.m., serial dilutions vcio 
set up against an 18-lionr culture of Micrococcus Lysodeilcticus sus- 
pended in saline, the opacity of the suspension being equivalent to 
No. 4 Ba sulphate standard. The titro was taken ns the liighest 
dilution at which complete lysis, read macroscopically, occurred after 
incubation for 1 hour at 37^’ C. Some tests wci'c read_ again after 
standing for 12 hours at room temperature. The method is essentially 
the same as that of Goldsworthy and Florey [1930]. 

Results. 

The tables summarise the enzymes tests on juices obtained by 
different methods and from different animals. Every test has been 
entered on the tables, so there is no selection of results. A few 
qualitative tests which were done at the beginning of the work are 
included for completeness. 

Enzyme. Tests on Juices from Acute Preparations (Table I.). 

Three complete tests for jmtease, on cat duodenal juices obtained 
by two different methods, were negative. Three tests on duodenal and 
two on lower intestinal juice set up at pH 7 only were also negative. 

Di-peptidase . — ^The one test on rabbit duodenal juice was negative. 
With cat juice, 10 out of 12 duodenal and 2 out of 4 lower intestinal 
samples were negative. The four juices which gave positive results 
were exceptionally cellular; one each of these duodenal and lower 
intestinal samples was obtained by acetylcholine stimulation, which 
usually brings off villi and fragments of mucosa, and in these particular 
juices the cellular floccules, instead of being centrifuged out, were 
chopped to distribute them evenly through the juice, so that it would 
have been surprising if peptidase had not been present. (The one 
uncentrifuged acetylcholine juice which did not digest the di-peptide did 
not contain floccules.) The other two positive results came from 
duodenal and lower intestinal juices collected after cutting the post- 
ganglionic sympathetic nerves; these juices were opaque even after 
eentrifuging and were the most turbid juices used in any experiment. In 
these four positive experiments from 20 p.c. to 80 p.c. of the substrate 
was split ; maximum digestion took place at pH 7 once, at pH 8 twice and 
at pH 9 once, i.e. in agreement with the established optimum pH for 
“intestinal erepsin.” 

Poly-peptidase . — Eleven juices were tested, 9 from cat duodenum 
and 2 from cat jejunum or ileum. The four samples which digested the 
di-peptide digested peptone to a lesser extent (between 9 and 22 p.c. 
splitting of the substrate); and in addition another acetylcholine 
duodenal juice gave 14 p.c. digestion in spite of having been centrifuged. 
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cyanide is titrated directly ndth ceric sulphate in the presence of an 
oxidation-reduction indicator. 

5. Invertase . — ^The tests rrere set up at the same time as those for 
amylase, and the same methods were used. The substrate was 5 p.c. 
cane-sugar and the experiments were set up at several H-ion concen- 
trations between pH 5 and pH 9. 


In all the above tests, digest mixtures consisted of equal quantities 
of juice, substrate solution and buffer. Incubation lasted usually for 
16 hours, occasionallj'- for 24 or 48 hours. Zero values for each experi- 
ment were obtained by estimating samples taken immediately after 
mixing juice and substrate. Blank experiments were carried out 
(1) with boiled juice and substrate, (2) with substrate and buffers, 
(3) with juice and buffers, incubated for the same length of time. 


6. Lipase . — The juice was brought to pH 7 (blue-green to broni- 
thymol-blue) with OT If HCl. 1 c.c. of neutrahsed juice (or 0'5 c.c. 
if more was not available) and 0-25 c.c. of triolein were mixed with 
0'75 c.c. of 0-5 p.c. Ifa taurocholate orvuth water. Blank experiments 
with juice and triolein separately were also set up. The bottles were 
shaken mechanically in the incubator for 6 or 16 hours, then, the 
contents were poured into beakers and the bottles washed twice with 
3 c.c. of absolute alcohol, the wmshings being added to the digests. 
Increase in acid was estimated by titrating vdth 0-01, 0-02 or 0-1 
N NaOH, using brom-thymol-blue as indicator. 

7. Enterokinase . — Pancreatic juice was obtained by cannulating the 
pancreatic duct of a cat, eserinising, and then injecting acetjdcholine 
subcutaneously and secretin intravenously. The trypsin in such juice 
is inactive and wiU remain so for weeks or months in the ice-chest. 

Equal quantities of pancreatic and intestinal juice were incubated 
together for half an hour or more, then 1 c.c. of the mixed juice was 
set up for digestion udth 0-6 c.c. of 5 p.c. egg albumen and 0-5 c.c. 
of buffer, pH 8 or pH 9. The amino-nitrogen was determined immedi- 
atety after mixing and again after 16 hours’ incubation. Controls were 
set up with pancreatic and intestinal juice separately and with pancreatic 
•nice treated with an efficient activator supplied by Dr. C. L. G. Pratt. 
^ Tests for enterokinase were also made on some samples of juice by 
iitilisine the capacity of pancreatic juice to clot milk in the presence of 
Active tr^Tsin [Mellanby, 1912-13; Kunitz and Northrop, 1933]. The 
results obtained by the two methods were identical. 


Eslmatioiis of Neutralising Poxver of Juices. 

mi oofiTTintions were made on fresh juice as soon as it had been 
The estimation^ was titrated with standard HCl against brom- 
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Method of Testing for Jjijsozijmc. 

After centrifuging the juice at 5000 r.p.m., serial dilutions were 
set up against an 18-hour cvilturc of Micrococcus Lysodcilcticus sus- 
pended in saline, the opacity of the suspension being equivalent to 
No. 4 Ba sulphate standard. The titro vas taken as the highest 
dilution at which complete lysis, read mncroscopically, occurred after 
incubation for 1 hour at 37° C, Some tests were read again after 
standing for 12 hours at room temperature. The incthod is essentially 
the same as that of Goldsworthy and Florey [1030]. 

Results. 

The tables summarise the enzymes tests on jiiices obtained by 
different methods and from different animals. Every test has been 
entered on the tables, so there is no selection of results. A few 
qualitative tests which were done at the beginning of the work are 
included for completeness. 


Enzyme Tests on Juices from Acute Preparations (Table I.). 


Three complete tests for protease, on cat duodenal juices obtained 
by two different methods, were negative. Three tests on duodenal and 
two on lower intestinal juice set up at pH 7 only were also negative. 

Di-peptidase. — The one test on rabbit duodenal juice was negative. 
With cat juice, 10 out of 12 duodenal and 2 out of 4 lower intestinal 


samples were negative. The four juices which gave positive results 
were exceptionally cellular; one each of these duodenal and lower 
intestinal samples was obtained by acetylcholine stimulation, which 
usually brings off villi and fragments of mucosa, and in these particular 
juices the cellular floccules, instead of being centrifuged out, were 
chopped to distribute them evenly through tlie juice, so that it would 
have been surprising if peptidase had not been present. (The one 
uncentrifuged acetylcholine juice which did not digest the di-peptide did 
not contain floccules.) The other two positive results came from 
duodenal and lower intestinal juices collected after cutting the post- 
ganglionic sympathetic nerves; these juices were opaque even after 
centrifuging and were the most turbid juices used in any experiment. In 
these four positive experiments from 20 p.c. to 80 p.c. of the substrate 
was split; maximum digestion took place at pH 7 once, at pH 8 tAvice and 
at pH 9 once, i.e. in agreement with the established optimum pH for 
“intestinal erepsin,” 


Poly-peptidase. — Eleven juices vrere tested, 9 from cat duodenum 
and 2 from cat jejunum or ileum. The four samples which digested the 
di-peptide digested peptone to a lesser extent (between 9 and 22 p.c. 
splitting of the substrate); and in addition another acetylcholine 
duodenal juice gave 14 p.c. digestion in spite of having been centrifuged. 
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Slaximum digestion took place at pH 7 twice, pH 8 twice, and pH 9 once. 
Three out of the other G duodenal samples gave a trace of digestion 
(less than 10 p.c.), but as the corresponding tests on the di-peptido were 
negative a technical fault Avas suspected though it could not bo proved; 
in these three tests maximum digestion took place at pH 7 each time. 

Amylase. Avas present in cA’-ery one of the 10 juices tested, 7 from 
cat duodenum and 3 from cat jejunum or ileum. Usually 40 p.c. or 
more of the starch Avas digested. In 7 quantitative tests maximum 
digestion took place at pH 7 four times, at pH G and 7 once, equally at 
pH 6, 6, and 8 once and at pH 4 in the test on post-ganglionic sym- 
pathectomy juice from the loAA'er ileum. Digestion took place OA'-er a 
wide range of H-ion concentration, and betAA'cen pH 6 and pH 8 the 
differences in the amount of splitting Avere small. 

Invertase . — ^The same tAvo acetylcholine juices Avhich digested the 
di-peptide digested cane-sugar (qualitative). Of six other cat juices, 
two duodenal samples gave a trace of digestion and two gaAm none, 
and one lower intestinal sample gaA’e a trace of digestion and another 
was quahtatively positive. In the three quantitative positiA’’e tests 
maximum digestion took place at pH 7 tAA’ice and at pH 5 once. 

Li'pase . — The same two acetylcholine juices AA’hich digested the 
di-peptide slightly digested fat. Seven other tests, all on cat duodenal 
juice, were negatiA^e; one of these negatives came from uncentrifuged 
acetylcholine juice, but this Avas the exceptionally acellular juice Avhich 
also failed to digest peptides. 

Trypsin was activated by every one of 9 juices tested, showing that 
enteroMnase was consistently present. The juices were obtained by 
5 different methods; one came from rabbit duodeirum, 5 from cat 
duodenum, and 3 from cat jejunum or ileum. 


Enzyme Tests on Juices from Permanent Duodenal Fishdm. 

(Tables II. and III.) 

Denervated (transplanted) duodenal fistula were made in 3 pigs, 
3 cats, 2 rabbits, and 1 goat, and juices were tested for enzj’^mes before 
and after the pedicle was cut. Innervated fistulse (in which the 
muscle of the duodenum remained in continuity Avith that of the 
stomach and the mesentery was left intact) were made in 4 pigs, 2 eats, 
and 2 dogs. The results of the tests were similar in aU animals and 
in both kinds of fistulse. 

Proteases wem tested for in 36 experiments and poly- and di-peptidase 
m 33 ; the results in every case Avere negative. Amylase, on the other 
hand, was present in every one of the 18 juices tested; pig, dog and 
rabbit juice split from 46 p.c. to 80 p.c. of the substrate in 9 quantitative 
tests and cat juice slightly less (20 p.c. to 50 p.c.). As in the acute 
experiments, maximum digestion occurred at pH 5, 6 or 7 and the 



Table II. ^Digestion oe Substrates by Juice from permanent Duodenal DiSTULin: (1) Pios. 
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For explanatory notes see Table I. 
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differences within this range were small. A trace of invertase was found 
in 7 juices out of 15, the greatest digestion being 13 p.c. splitting after 
incubation for 48 hours (dog 1). The H-ion concentration at which 
maximum digestion occurred ranged from pH 5 to pH 7, as in the tests 
for amylase. Slight lipase action, greater in the presence of sodium 
taurocholate, was found in 6 out of 18 juices. 

Enterohinase was present in all juices except those of one rabbit 
and one pig and the first of three samples from another pig; no explana- 
tion can be offered for its absence from these juices. In the positive 
experiments there was no significant difference in tryptic activity 
between test and activated control. In the miUr-cIotting test there was 
no difference in clotting time between test and control. The positive 
results were obtained at various times from 1 week to 6 months after 
making the fistulas. 

Tests for Gathepsin. 

Taylor ef al. [1938] found that casein urns digested, mainly to pro- 
teoses, by normal human gastric juice acting at pH 7-4. There has 
been no evidence of a similar action by duodenal juice in the present 
work. A few juices from permanent fistulas were activated with HjS, 
and those also gave no evidence of a proteolytic action at H-ion con- 
centrations between pH 4 and pH 8. 

Table W. — Neutbaltsing Power or Juices from perjlvnent 
Doodeuaj. Fistula:. 


Animal and preparation. 

Neutralising power of 
juice in c.c. 

01 NHCl. 

3 — Transplanted fistula 

0-23 

Pig 7 — ^Innervated fistula 

0-31 

Pog 1 — Innervated fistula 

0-18 

„ (another sample) 

0-32 

j)og 2 — Innervated fistula 

0-34 

„ (another sample) 

0-22 

nnt 1 — ^Transplanted fistula 

0-35 

Cat 2 — n ” 

' 0-40 

Cat 3— 

0-42 


Estimations of Neutralising Power. 

-n.inrlenal iuice obtained by a variety of stimuli from acute cat 
.rations neutralised 0-2 c.c. of 0-1 N HCl per c.c. of juice twelve 
a c c seven times. One sample had no neutralising value 
times an ‘ ^ ^ of acid. When the upper (Brunner’s gland 

rea)°Sd lower parts of the duodenum were cannulated separately, the 
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juice from tlie upper part gave a value of 0-2 c.c. of acid and the juice 
from the lower part had no neutralising value (three experiments, vagal 
stimulation). Ileal juice was examined three times. A sample collected 
after eserine stimulation gave a value of 0’15 c.c. of acid, and two 
successive samples from a cat after post-ganglionic sympathectomy had 
the unexpectedly high value of 0-60 c.c. of acid. 

The results of the few estimations on duodenal fistula juices (Table 
IV.) agree with those of Elorey and Harding [1934]. Cat fistula juice 
has a slightly greater neutralising power than the juice from acute cat 
preparations and also than fistula juice from the dog and the pig. 

Lysozyme Tests, (Table V.) 

Cat juice contained no lysozyme (4 samples) and dog juice produced 
no immediate lysis and only partial Is^sis after standing overnight 
(3 samples). Pig juice, on the other hand, produced complete lysis 
at litres from 1 : 256 to 1 : 8192 afterincubation for one hour (Csamples). 
Elorey and Harding [1933] found weak lysozyme in rabbit duodenal 
juice, but in the one sample tested in the present series none was present. 


Table V.— Lysozyme Tithes of Juices fhom PEnMA^•E^’T Duodenal 
Fistulas against M. Lysodeikticus. 



Titre : complete lysis except where stated 
otherwise. 


After 1 hour at 

37'“ C. 

Same after 12 hours at 
room temperature. 

Pig 2 — ^Transplanted fistula 

1 : 8000 

(highest dilution used) 


Pig 3- 

1 : 256 

1 :512 

Pig 6 — Innervated fistula 

1 : 512 


„ (another sample) 

1:612 


Pig 7 — Innervated fistula 

1 : 8192 

(highest dilution used) 


„ (another sample) 

1 : 266 

1 :612 

1 Dog 1 — Innervated fistula 


Partial lysis at 1 : 128 

' .. (another sample) 


1 : 32 

Dog 2 — ^Innervated fistula 


„ 1 : 128 

Cat 1 — ^Transplanted fistula 



„ (another sample) 



i Cat 2 — ^^transplanted fistula 



Cat 6 — Innervated fistula 

>» 


Rabbit 2 — Transplanted fistula 

No lysis 



We are indebted to Mr. L. A. Epstein for doing these tests. 
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Discussion. 

The Control of Secretion . — In reviewing the experimental findings ibis 
convenient to consider first the control of the secretion in the upper part 
of the duodenum, which contains Brunner’s glands. An abundant 
secretion of alkaline mucoid juice is produced from this part in acute 
cat preparations by (1) stimulating the vagi, (2) cutting the splanchnic 
nerves in the thorax, (3) administering eserine either alone or with 
acetylcholine. A scantier secretion is produced by the intravenous 
injection of material containing secretin. The consistency of the juice 
obtained by any of these methods is indistinguishable from that of juice 
from permanent duodenal fistulae, though the cellular content varies 
with different methods of stimulation. It has been confirmed that the 
secretion of permanent transplanted duodenal fistulae in cats is controlled 
by a hormone, as after 24 hours’ starvation they are dry but secrete well 
after feeding. Similar denervated fistulae in pigs react in the same way. 
The clear-cut results of these experiments leave little doubt that the 
secretory activity of the first part of the duodenum is under both 
nervous and hormone control. / 

In accordance with the current view on the chemical transmission 
of parasympathetic stimulation it may be supposed that acetylcholine 
is liberated either in the enteric plexuses or in the neighbourhood of 
the secreting cells or both, and that either the acetylcholine may be 
formed by vagal activity or “liberated” by the removal of sympathetic 
inhibition, or the breakdown of acetylcholine formed in the gut plexuses 
in the absence of stimuli may be prevented by eserine. Experimentally, 
the secretory effects of vagal stimulation, sympathectomy and eserine 
injection are aU inhibited by atropine, which is evidence that they may 
act through a common mechanism. It seems certain that the juice 
obtained from the duodenum after cutting the splanchnic nerves is 
not a transudate from the blood, as it contains the “soluble” mucin 
typical of Brunner’s gland secretion. The inhibition of the “paralytic” 
secretion by atropine and anaesthetics also supports this view'. 

The relative importance of the extrinsic nerves and the hormone 
mechanism in producing duodenal juice is diflScult to assess. In acute 
experiments much more secretion can be produced by stimulating the 
vagus than by injecting secretin. In permanent preparations, on the 
other hand, transplanted fistulse and fistulse with the extrinsic nerves 
intact both stop secreting during starvation and start secreting immedi- 
atelv feeding begins (cats and pigs); both secrete about the same 
of iuice and the composition of the juice from the two kinds 
% fistulffl appears to be identical. 

° The profoundly depressing effect of ansesthetics on intestinal 
t-- n nrobably one of the reasons why the control of the duodenal 
seSSn has not previously been analysed. It is noteworthy that the 
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experiments in which Savitch obtained secretion, apparently from the 
whole intestine, in response to vagal stimulation, were done on 
decapitate cats. 

In our experiments the vagus has had less influenec on the rest of 
the small intestine than on the duodenum. Vagal stimulation produces 
a watery secretion from a small part of the duodenum just distal to the 
Brunner’s gland area. In two experiments stimulation of the vagus 
after splanchnic section caused secretion from the jejunum and ileum. 
The failure of the jejmruui and ileum to secrete in response to simple 
vagal stimulation does not seem to have been due to inadequate 
stimulation, as in all experiments good gastric and duodenal secretion 
occurred. 

Though section of the splanchnic nerves “liberated” the duodenum 
only, section of all preganglionic nerves caused secretion from the 
whole of the small intestine. Certain experiments support the idea 
that there is a “centre” in the spinal cord from which inhibitory 
impulses pass to the secretory meclianism of the gut. If the influence 
of this centre is removed by section of all preganglionic fibres the 
ganglia., at the root of the mesentery take over inhibitory powers, their 
extirpation being followed by secretion. It is possible that the in- 
hibitory effect of the splanchnics is so powerful that, under the present 
experimental conditions, vagal stimulation is unable to overcome it 
except in the duodenum. 

Generally, to mimic vagal action by pharmacological means it is 
necessary to eserinise an animal and then to give acetylcholine. 
Eserine alone, however, causes intestinal secretion, though no other 
evidence of cholinergic action (e.gr. salivary or tracheal secretion) 
appears. The addition of acetylcholine causes intense spasm of the 
intestine and epithelial cells and even intact villi are shed, while at the 
same time salivary secretion occurs. 

The general conclusion appears to be justified that the gut, probably 
in its rich nerve plexuses, makes a relatively large quantity of acetyl- 
choline, which is prevented from acting by the sympathetic nerves. 
The inhibition can be overcome experimentally by the administration 
of eserine or by section of the appropriate sympathetic nerves. 

Although the effects of nerve stimulation and section can be demon- 
strated with regularity, there is as yet no evidence as to how they are 
mtegrated with intestinal function. Eor example, Thiry fistulse of the 
jejunum and ileum, which retain their sympathetic innervation, do not, 
according to most observers, secrete juice during digestion. The small 
amount of “periodic” secretion [Boldyreff, 1928] occurs during starva- 
tion, not after feeding. One would have expected that if there were 
a general lowering of sympathetic “tone” during digestion secretion 
wou occur in the fistulae. The relation of the effects of local irritation 

or stimulation of the mucosa to the extrinsic nerves is even less under- 
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stood, but there is good evidence that the jejunum and ileum deprived 
of their extrinsic nerves can produce juice when stimulated by a catheter 
[Ivy el al., 1927; Nassett et al., 1935J. 

Enzymes. — The enzyme content of duodenal juices produced in 
a variety of ways and from different species of animals has been in- 
vestigated. In the introduction to Part 11. various authors are 
mentioned who found protease, amylase, invertase, lipase and entero- 
kinase in juice from duodenal fistulm. The available vTitings of the 
Russian workers give no indication of the cellular content of their' 


juices and possibly they, like many of the workers with jejunal and ileal 
fistula3, were actually testing a mixture of pure secretion and cells. We 
have attempted, by eliminating cellular and bacterial enzymes as far 
as possible, to estimate the digestive properties of the actually secreted 
portion of duodenal juice. 

Two groups of enzymes appear to be absent from cell-free juice — 
the proteases and the peptidases. No protease was found in any juice, 
and no peptidase in any juice from a fistula. Certain juices from acute 
preparations contained poly- and di-peptidase, but, ivith the exception 
of traces of poly-peptidase in three samples, there was a clear connection 
between peptide digestion and the high cell-content of the juices. 
Many samples of juice gave little or no deposit on centrifuging, so that 
nothing was removed to which enzymes might have been adsorbed, as 
Kestner [1930j and Pierce et al. [1935] argued. 

Two other enzymes, invertase and lipase, which were present in 
cellular juices, sometimes appeared also in traces in other juices, but 
the splitting they produced was insignificant. 

Two enzymes, amylase and enterokinase, were present in greater 
amounts. Amylase was present in every sample tested and usually 


split from 40 p.c. to 80 p.c. of the substrate. Waldschmidt-beitz 
[1929] quoted work showing that starch was only digested to about 
75 p.c. of the theoretical maximum splitting unless the products of 
digestion were removed; in 24 hours, therefore, many samples of juice 
produced something approaching maximum digestion. In his experi- 
ments on fistula from lower levels of the small intestine, Cajori [1933] 
found that amjdase was the only enzyme in the juice whose digestive 
action was strong enough to keep pace with the absorption of the 
ubstrate- he suggested that it might come from the same source as 
Ibe amylase of the blood and other body fluids. 

In addition to amylase, an enterokinase capable of fully activating 
4 -,.T 7 r,<!iu was found in nearly every sample of juice. Since its discovery 
K J Schenowalnikow [FaUoise, 1904; Pavlov, 1910; Babkin, 1928] there 
1 ^ never been any doubt of its presence m jejunal and ileal juice, but 
1 1 author to mention its presence in duodenal juice was Pavlov, 

the omy c function of activating trypsin belonged more to 

todufdXt X X to juice tom lo™ ievelu of the .c.U iutostiuc. 
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Acute experiments gave unsatisfactory material for comparative 
tests. The comparison winch we had hoped to make between the 
secretion of the duodenum and that of otlicr levels of the small intestine 
proved hard to make, as the jejunum and ileum do not secrete in response 
to vagal stimulation, and other stimuli produce juice which is often, very 
cellular. The comparison between the duodenal secretion produced 
by different stimuli in one species was also diflicult, as the quantity and 
cellular content of the juice varies Avith the stimulus. Provided, how- 
ever, that juice free from cells was obtained, no differences were found 
between the different :nethods of stimulation, and the few satisfactory 
tests on jejunal and ileal juice showed that, as in the duodenal secretion, 
amylase and enterokinase are present and di-peptidase absent. 

The juice from permanent Astute, on the other hand, Avas consisteirtly 
free from gross cellular contamination, so that the comparison between 
the duodenal secretion of five different species of animals, and betAveen 
the secretion of transplanted fistute and those with their nerve supply 
intact, was satisfactory. There is no difference in the digestive enzymes 
of any of these secretions, though there are species differences in 
lysozyme content and possibly in neutralising poAver. Nasset et al. 
[1935] found no qualitative difference in the physical and digestive 
properties of juice from transplanted intestinal fistute before and 
after cutting the pedicle and aa'c, AAuth duodenal fistute, Imve found 
none. 

The results of these enzyme inA^estigations, Avhich have been done by 
standard chemical methods and with the necessary precautions, conflict 
Avith those of Ponomarew [1902] and of Florej’^ and Harding [1934], 
since, Avithin the limits of the present inA’-estigation, the only enzymes 
constantly present in duodenal juice are enterokinase and amylase. 
Florej'' and Harding [1935 a] discussed the evidence that the mucus 
secreted in the duodenum was a product of Brunner’s glands. Possibly 
the whole of the secretion which floAA's spontaneously from a permanent 
duodenal fistula comes from Brunner’s glands or possibly part is con- 
tributed by the crypts of Lieberkiihn. The only important enzyme 
action of the secretion appears to be the activation of trypsin, and tliis 
it shares Avith the secretion from other leA’^els of the small intestine : the 
specific mucin content of the juice, however, and its alkalinity make it an 
admirable medium for protecting the first part of the duodenum against 
the acid gastric juice. 

The close relation between di-peptide digestion and cell content in 
duodenal juice, and in the few satisfactory experiments on jejunal and 
ileal juice, leads us to believe that the peptidases (and the same probably 
applies to invertase and lipase) are endo-enzymes, in the sense that they 
are not secreted into the intestinal lumen in solution. Linderstrom- 
Lang [1939] revicAvs recent work and considers that peptidases are 
shown to be typical endo-enzymes and he asks for reconsideration of the 
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question whether peptidase in the lumen of the duodenum may not 
originate from autolysed mucous cells. Our failure to demonstrate 
significant amounts of peptidase in cell-free duodenal juice supports his 
views. There can he no doubt that there is a constant and considerable 
desquamation of epithelial cells into the lumen of the intestine, shown, 
for instance, by the large number of mitotic figures in the crypts of 
Lieberkiihn, and by the presence of cells in the juice from a fistula, which 
is free from the trauma even of food passing over. Endo-enzymes 
may be liberated in the intestinal lumen by the breaking up of these 
cells and so act on the food products before they are absorbed, as well 
as during their passage through the intestinal mucosa. 

The balance of evidence is that juice obtained by experimental 
methods from the jejunum and ileum is an alkaline fluid which, like 
that from the duodenum, contains only two secreted digestive enzymes 
— amylase and enterokinase. There is no satisfactorj' evidence wdiether 
such experimental juice has the same properties as the succns entericus 
secreted during the passage of chyme along the intestine, but it may 
be assumed that during digestion a fluid is secreted w'hich has other 
functions beside that of contributing enzymes. It is ■well recognised 
that water and salt solutions are very rapidly taken up from the small 
intestine, and we have shown in this paper that duodenal secretion itself 
can be absorbed from the jejunum. It may be necessary for a constant 
secretion of fluid to take place from the crypts of Lieberkiihn to keep 
the food particles in suspension while they are attacked by the pancreatic 
enzymes, and as the products of digestion are absorbed •n'ater and 
salts go with them. One may therefore envisage a cii-culation of fluid 
during active digestion, the secretion passing out from the crypts of 
Lieberkiihn into the intestinal lumen and back into the -dUi. 


SUMMAKY. 

1. Stimulation of the vagus nerves in decerebrate or decapitate cats 
causes a secretion from the duodenum which comes principally from the 
Brunner’s gland area. 

2 No clear e'pidence has been obtained that vagal stimrdation 
causes secretion from the jejunum or ileum. 

3 Cutting the greater splanchnic nerves in the thorax causes 
secretion from the duodenum, but not from the lower levels of the smaU 

intestin^^^^^^ preganglionic sympathetic fibres causes secretion 

from all the small intestine. <. • i -u-x • 

The ganglia of the solar plexus exert an inhibitory influence on 

secretion after section of the pregangUonic fibres. 

6 The subcutaneous admimstration of eserme causes secretion 

_ from all the smaU intestine. 
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7. Tho concomitant administration of eserine and acetylcholine 
may cause extreme damage to the intestinal mucosa. 

8. Stimulation of the Nervi Erigentes has no influence on tho 
secretion of the small intestine. 

9. Histamine has no influence on the secretion of the small intestine. 

10. Certain anesthetics abolish or considerably reduce secretory 
activity produced by the above methods. 

11. Atropine also abolishes it. 

12. Confirmation has been obtained of the presence of a secretory 
hormone acting on the first part of the duodenum in cats. A similar 
hormone has been shown to be present in pigs. In dogs, innervated 
fistulee cease to secrete after 24 hours’ starvation and recommence 
soon after feeding. 

13. Duodenal secretion obtained experimentall 3 ' contains amylase 
and enteroldnase. It does not contain protease or peptidase. It 
sometimes contains traces of invertase and lipase, but their digestive 
power is insignificant. 

14. The duodenal secretions of five different species of animal and 
of both denervated and innervated fistulas have the same digestive 
properties. 

15. In a few experiments no differences were found between the 
digestive properties of secretion from the duodenum and from other 
levels of the small intestine. 

16. Juices from the same level of the smaU intestine secreted in 
response to different stimuli show differences in digestive properties 
which are due to cells and not to differences in the secreted fluid. 

Dr. B. Chain has kindly advised on the conduct of the enzyme 
investigations. We are glad to acknowledge the technical help of 
J. Kent and A. Sale. We are indebted to the Government Grants 
Committee of the Royal Society and to the Nuffield Trust for grants 
towards expenses. One of us (R. D. W.) was also in receipt of a 
personal grant from the Nuffield Trust. 
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Summary. 
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In recent experiments carried out in this laboratory [Feldberg and 
Kellaway, 1938; Feldberg, Holden, and Kella^vay, 1938; Trethewie, 
evidence Las been btongbt forward wbicb indicates that the 
contractions of smooth muscles caused by different venoms are not 
their direct effects nor are they wholly brought about by liberation of 
histamine. There is formed from tissue constituents by enzymic 
action of the venoms a “slow-reacting smooth muscle-stimulating 
substance” which may largely determine the nature of these responses. 
It was suggested that a similar mechanism might be involved in the 
reaction of smooth muscles to other injurious stimuli. The experi- 
ments recorded in this paper were undertaken to see if this hypothesis 
applies to the antigen-antibody reaction of anaphylaxis. If this were 
so, many of the difficulties inherent in the theory that the anaphylactic 
contraction of smooth muscle is wholly attributable to the liberation 
of histamine would be removed. 

In order to find out whether a muscle-stimulant substance similar 
to that formed by venoms was formed or liberated during the antigen- 
antibody reaction and to AvMch the anaphylactic contraction of smooth 
muscle could be attributed we used both an indirect and a direct 
approach. Various states of decreased excitability were brought about 
in smooth muscle by different means with the idea of obtaining con- 
ditions under which the responses to histamine, to antigen, and to the 
substance formed by venoms were affected differently in order to see 
whether the anaphylactic contraction disappeared together with the 
response to histamine or with that to the substance formed by venoms. 
We have also attempted to obtain direct evidence for the appearance 
of a “slow-reacting muscle-stimulant substance” in perfused tissues and 
m tissue extracts from sensitised organs treated with antigen. 

' This work was aided by a grant from the National Health and Medical 
Research Council, 
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water and then either boiled and tested or taken to dryness over 
sulphuric acid in vacuo at room temperature for 24 hours. The 
powder was ground up, extracted with Tyrode solution, centrifuged, 
and the sediment re-extracted. The second extract was added to the 
first and the combined extracts made up to a volume so that 0-2 c.c. 
contained tlie equivalent of 5 mg. of tissue. When tested on the gut 
the perfusate as well as the various extracts were left in contact with 
the muscle for 10 to 15 seconds. In several experiments the antigen 
was not injected, but extracts prepared by grinding the tissue with 
silica sand in Tyrode solution were incubated with antigen (25 to 100 mg. 
albumin per gram of fresh tissue) at 37° C. for 15 to 30 minutes and 
then either boiled and tested or taken to dryness and re-extracted as 
described above before testing. 

Results. 

A. The Isolated Jejunum of the Ouinea-Pig. 

(i) The Anaphylactic Besponse . — The isolated jejunum of the guinea- 
pig sensitised to crystalline egg albumin gives a sharp contrac- 



Fig. 1.— Rosponsoa of 4 pieces of jejunum from a sensitised guinoa-pig. At A, 
7, egg albumin; at S, 2 mg. S.R.S.; at L, 4 mg. lysooithin 

( atency 20 seconds); and at C, 0'06 /ig. acetylcholine. The unlettered eorx- 
ractions and those lettered H in IV are to 0-1 ftg. histamine. Time in minutes. 

Details in text. 


ion to the anaphylactic antigen after a latency which varies with 
le sensitiveness of the gut and the size of the test dose. The size 
an shape of the observed contraction also depend upon the same two 
actors. After the antigen has been in contact unth the gut for 
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Methods. 

The experiments were carried out on guinea-pigs. Animals 
weighing 110-150 g. were sensitised by subcutaneous injection of 
15 mg. crystalline egg albumin in 0-5 c.c. sterile saline solution and used 
for experiment usually 3 to 7 weeks later. 

The anaphylactic contraction of smooth muscle was studied on 
pieces of jejunum suspended in a 5-c.c. bath of oxygenated Tyrode 
solution and in a few experiments on horns of virgin uteri suspended 
in a similar bath of oxygenated anaphylactic Ringer’s solution (NaCl 0'9, 
KCl 0-042, CaCh 0-012, NaHCOg 0-05, glucose 0-1 p.c.). The antigen 
was allowed to remain in contact with the gut for 1 minute and with 
the uterine horn for 2 minutes. The latencies of the responses were 
measured with a stop-watch. For comparison, histamine and the slow- 
reacting muscle-stimulant substance formed by venoms, and in a few 
cases the venom of the cobra {Naia naia), were added to the bath. 
Histamine was used as dichloride, and the amounts given in the text 
and in the figures refer to the salt and not to the base. Decreased 
excitability of the muscle was produced by slow-reacting substance 
(made by the action of cobra venom on egg yolk), lysocithin, photo- 
dynamic action, histaminase (Torantil), COj, and by the toxin of 
01. welchii type A. The lysocithin and slow-reacting substance were 
prepared for us by Jlr. H. F. Holden. In the experiments with photo- 
dynamic action 1 mg. sodium hsematoporphyrinate was added to the 
bath and left in contact w-ith the muscle for 1 minute. The muscle 
was then irradiated by tw-o 60-W. lamps at 13 cm. for 12 to 16 minutes. 

To obtain direct evidence of the appearance of a slow-reacting 
muscle-stimulant substance the lungs and the small intestine of the 
sensitised animals were perfused with Tyrode solution. The lungs 
were perfused through the pulmonary artery as described by Feldberg 
and KeUaway [1937], and the intestine through the descending thoracic 
aorta. In these experiments the abdominal aorta was ligated below 
the point of origin of the superior mesenteric artery; the renal arteries 
and the lesser omentum w-ere tied after opening the portal vein. The 
1 rae bowel and stomach were excised after ligating their mesenteries. 
The contents of the small bowel -were washed out with a litre of 
T de solution through a cannula introduced into the duodenal stump. 

^°venous effluent was collected in successive samples before and after 
tllr iniection of the antigen (20 or 40 mg. egg albumin in 0-2 c.c.) and 
+ t d on the normal guinea-pig’s jejunum. In addition, extracts of the 
testea ^^de. In the experiments on the lungs one side was used 
tissues ve experiments on the intestine pieces of the perfused 

as contro , ^ ^ length w-ere removed before the injection 

jejunum ° ^ used for control extraction. The extracts were made 
of antigen ana Tyrode solution or distilled 

lay grinding the tissue 
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latency when the initial dose was 2 /xg, was 15 seconds, but after 
failure to respond to 0-2 ^g. it was 30 seconds. In fig. 2, I and VI 
are the responses to 4 fig. egg albumin from two piece.? of intestine 
from a guinea-pig 29 days after the sensitising dose. The gut in VI 
had been kept some hours in Tyrode solution at room temperature 
before testing. The latencies of these two resporrses were 40 and 
70 seconds. In fig. 4, 1, the anaphylactic response of a piece of jejunum 
from a guinea-pig 23 days after the sensitising injection was to 4 pg. 
egg albumin and the latency 19 seconds, and in fig. 5, 1, from a guinea-pig 
24 days after the sensitising injection the response was to 1 /xg. of 
antigen and the latency 15 seconds. The response in fig. 4 shows an 
unusually great after-depression of excitability. 

(ii) The Anaphylactic Response after Rc])eatcd Doses of S.R.S . — 
Feldberg, Holden, and Kellaway [1939] have shown that a substance 
with a stimulating effect upon the gut is formed by the action of venoms 
on egg yolk, lecithin, and perfused organs. This substance, unlike 
lysocithin, can be extracted with acetone. A substance with similar 
activity is formed by the action of trypsin on egg yolk [Holden ^]. 
The contraction caused by these substances has a short latency and 
is less rapid than that produced b}' histamine. Relaxation is gradual 
when the Tyrode solution in the bath is changed. We shall therefore 
call the substance or substances responsible for this slow-reacting 
effect “slow-reacting substance ” or S.R.S. The response of the isolated 
jejunum of the guinea-pig to S.R.S. is similar to that caused by snake 
venoms or by the anaphylactic antigen in the sensitive gut, save that 
the latency is shorter than in an anaphylactic response of similar 
magnitude, and the excitability of the muscle seldom shows the phase 
of depression which is regularly seen after snake venom and irregularly 
in anaphylaxis. By repeated administration of large doses of S.R.S. 
the stimulating effect becomes smaller and the intestinal muscle can 
be desensitised, though not completely, to S.R.S., whereas the excita- 
bility to histamine or acetylcholine remains unimpaired. After such 
treatment the anaphylactic response is still obtained although it is 
slightly but definitely reduced. These results are illustrated in fig. 1, 
III and IV, and fig. 2, V. Fig. 1, HI, shows the responses (at S) to 
four successive doses of 2 mg. each of crude S.R.S., prepared by acetone 
extraction of egg yolk treated with venom. The contractions pro- 
gressively diminished and the latencies lengthened; these were 7, 7, 
10, and 12 seconds respectively. A subsequent anaphylactic response 
to 2 fig. antigen with a latency of 30 seconds is shown at A. The 
previous treatment with S.R.S. had about the same reducing effect on 
t le anaphylactic response as the desensitising effect of a single previous 
dose of 0-2 fig. antigen in fig. 1, II. The effect on the anaphsdactic 
response is more obvious when large doses of S.R.S. are given at short 

‘ Unpublished communication. 
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1 minute the Tyrode solution in the bath is changed; the gut no\v 
slowly relaxes, and its responses to histamine or to acetylcholine in 
repeated doses exhibit characteristic after-changes in the excitability 
of the muscle during a period of about 10 minutes. There is generally 
first an increase, then a decrease, and finally a return to normal excita- 
bility. The anaphylactic reaction of the muscle thus resembles that 
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Pjq. 2. — Responses of 6 pieces of jejunum from a sensitised guinea-pig. At A, 
4 «g., and at A', GO pg. egg albumin; at L, 0-5 rag. lysocithin; at S, 1 mg. S.K.S. 
The unlettered contractions in I, III, V, and VI, and the small contractions A in 
III are to O-l /<g- histamine. The unlettered contractions and those at A' in 
II and IV are to 0-2 /ig. histamine. Time in minutes. Details in text. 


3 snake venoms [Feldberg and Kellaway, 1937], though the after- 
epression of excitability is rarely so great as after the contraction 

FLused by venoin. ^ 

These features are illustrated in figs, 1, 2, 4, and 5. In fig. 1, I and 
I e shown the responses of two adjacent pieces of jejunum from a 
fiavs after the sensitising dose. The gut failed to react 
but gave a good response to 2 ^g. of egg albumin. 


The 
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of the iepinum of a guinea-pig weighing 240 g. 36 days after the 
sensitising injection. In 1 is the response to 20 pg. egg albumin. 
This had a latency of 20 seconds. In II, after a dose of 1 mg. of 



Tio. 3.— Responses of 3 pieces of jojumim from n Bonsitised guinoa-pig. At A, 
20 pg., and at A', 200 pg. ogg albumin; at L, I mg. lysocithin. The imlottorocl 
contractions and those at h are to 0-1 /ig. histamine. The contraction lettered 
h' is to 0-3 pg. histamine. Time in minutes. Details in to.\t. 


lysocithin, which caused no contraction and remained in contact with 
the gut for 1 minute, the gut failed to respond to O-l pg. histamine 
and to 20 pg. egg albumin. In III, after 1 mg. of lysocitliin, wliich 
caused a small contraction, the gut gave small responses to 0-3 pg. 
histamine and to 200 pg. egg albumin. The anaphylactic response 
had a latency of 25 seconds. 

(iv) The Anaphjlactic Response after Injury by Photodynamic 
Action . — The isolated intestine of the guinea-pig exposed to light after 
treatment with hasmato-porphyrin exhibits a rapid decline in excita- 
bility as measured by its response to histamine [Kellaway and Trebhewie, 
1939]. This injury may readily be graded, and in its more severe 
degrees is irreversible. If the response to histamine is not too greatly 
depressed the anaphylactic reaction, though diminished, can still be 
elicited, but if the photodynamic action is sufficiently prolonged the 
anaphylactic response can no longer be obtained. The diminution 
of th'e anaphylactic response is roughly paralleled by the depression 
of the response to histamine. This is illustrated by the experiments 
of figs. 4 and 5. In II and III of fig. 4 illumination in the presence of 
heematoporphyrin has produced a loss of excitability such as to render 
the muscle insensitive to 0-1 pg. of histamine or 2 mg. of S.R.S. In 
this condition the gut gives also only a minute response with 50 seconds 
latency to 4 pg. egg albumin (in II), but still reacts to larger doses of 
antigen as well as of histamine. In III there is a large response with 
23 seconds latency to 40 pg. antigen, and the muscle gives good con- 
tractions to 4 and 6 pg. of histamine. A more complete depression 
was observed in the experiment of fig. 5, in which are shown the 
responses of three pieces of jejunum from a guinea-pig 24 days after 
the sensitising injection. In I the height of the anaphylactic response 
to 1 pg. egg albumin was matched with the response to O-S pg. 
histamine. In II, after the addition of hsematoporphyrin and irradia- 
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intervals and the anaphjdactic response is tested shortly after the last 
dose of S.R.S. In fig. 2, V, six successive doses of 1 rag, S.R.S. were 
given to a piece of intestine which was not very sensitive to the anaphy- 
lactic antigen. The responses had latencies of 10, 20, 27, 28, 28, and 
31 seconds and showed a progressive decrease in size. The gut now 
failed to respond to the threshold dose of 4 pg. of egg albumin (at A). 

(iii) The Anaphylactic Besponse after Lysocithin. — Feldberg, Holden, 
and Kellaway [1939] have shown that lysocithin has no stimulating 
action on the isolated guinea-pig’s jejunum, but that its administration 
is followed by a period of profoundly depressed excitability to histamine 
or acetylcholine. We can confirm these observations, but have found 
in addition some stimulating action when large doses of lysocithin are 
administered. This effect may have been caused by traces of S.R.S. 
in the lymocithin preparation or may have been an effect of the lysocithin 
itself. In that case it was probably caused by liberation of histamine, 
which has been shown to occur in perfused organs after the injection 
of lysocithin. 

During the period of depressed excitability the responses of the 
gut to the anaphjdactic reaction is also depressed, but the reacti\’ity 
to the antigen returns earlier than that to histamine or to S.R.S. If 
the antigen is added to the bath during the period of depressed excita- 
bility, the gut is specifically^ desensitised to it and no longer reacts 
when its reactivity to S.R.S. and histamine is again normal. Within 
the first 2 or 3 minutes after lysocithin the gut is insensitive to large 
doses of histamine and gives only a feeble response even to a large 
dose of specific antigen. Later the gut may fail to respond to 
OT-0-2 fig. histamine or to 1-2 mg. S.R.S. and yet give an excellent 
response to a dose of antigen only a little above the threshold. This 
latter state of affairs is illustrated in figs. 1 and 2. The effect of three 
doses of 4 mg. of lysocithin on the isolated jejunum from a sensitised 
guinea-pig is seen in fig. 1, IV. In this experiment the phase of 
depressed excitability lasted for 8 to 10 minutes, but during the 
latter part of this time 2 pg. egg albumin caused a response which was 
somewhat less in extent and had a slightly longer latency (20 seconds) 
than that given by the control piece of intestine (fig. 1, I). In the 
experiment of fig. 2 a smaller dose (0-5 mg.) of a strong preparation of 
Ivsocithin was used, which gave a period of depressed sensitivity to 
histamine and S.R.S. lasting from 13 to 16 minutes. In fig. 2, 
TI and HI) greater impairment of the anaphylactic response was 
Vi prved The intestine in III during the depression phase gave a 
° nil response with a latency of 80 seconds to a threshold dose (4 pg.) 
albumin while that in II gave a good response with a latency 

nfl seconds to 60 pg. egg albumin. 

Tl p effect of the antigen in the early part of the period of depressed 
,-citability is seen in fig. 3, wliich shows the response of three pieces 



Liberation of a Slow-Reacting Substance in Anapliylaxis 129 

tion, no response could be obtained to 1 pg. egg albumin, the response 
to 0-5 fig. histamine being trivial. In III, 0 rag, S.R.S. gave a con- 
traction with a latency of 2 seconds approximately equal in height 
to the anaphylactic response to 1 fig. egg albumin (I), After irradiation 
in the presence of hffiraatoporphyrin there was no response to 1 fig. 
egg albumin, but 0-5 fig. histamine still caused a slight response. Partial 
desensitisation by the first dose of S.R.S. may have contributed to 
the failure of response to 6 mg. S.R.S. after irradiation, 

(v) y/ie Anaphylaciic Respo7ise after Treatment with Hislaminase 
{Torantil ). — Since the antigen-antibody reaction is associated with the 



Fig. 6. — ^Responses of 4 pieces of jejunum from a senBitised guinea-pig. At A, 

4 ftg. egg albumin; at H, 0-1 /ig. histamine; at C, 0-06 fig. acetylcholine; at T, 

0-5 unit, and at T', 0-05 unit Torantil. The intervals in tho record of III are 
of 3 and 13 minutes, those in H’' of 160 and 20 minutes respectively. Time in 
minutes. Details in text. 

liberation of histamine, we have studied the influence of liistaminase 
on the anaphylactic response of the gut. When a piece of jejunum 
from a guinea-pig sensitised to egg albumin is left for several hours in 
Tyrode solution containing histaminase, the response to the anaphy- 
lactic antigen is not thereby impaired. Pig. 6, I and II, shows the 
responses to 4 ftg. egg albumin (at A) of two pieces of jejunum from a 
guinea-pig 42 days after its sensitising injection. In I the jejunum 
was untreated and in II it had been incubated with histaminase 
(1 unit of Torantil in 20 c.c. Tyrode solution) for 7 hours at 21° C. 
The gut in I responded with a latency of 15 seconds and that in II with a 
latency of 18 seconds, the anaphylactic contraction in II being stronger 
than in I. A solution of histamine, 1 : 2 millions, incubated with the 
same concentration of Torantil for the same time and at the same 
temperature had lost 90 p.c. of its activity. 

Torantil in doses of 0-2 unit and upwards causes strong contraction 



Ill 



4.-Ke^|>o^^es of^3 ^^Kt ^T^To 

contrkotio. Th- IS^ft^ co“;;nrn S 4 ;.g. 

O-l'^g Wstap^e "^‘a^Tate ?he period of irradiation at the be— 

®/»-vvbTSs h^a^orphyrin waa in* contact with the gut for 1 mmute. 
of which 1 tog- Xime in minutes. Details in text. 



• nf iBuinum from a sensitised guinea-pig. At A, 
of 3 iTat H, 0-5 //g.. and at H'. 1 //g. histamine 

R_ 6 IBK* , V mArlffs nn Amnfcvinc 


^■‘lihuroSr?*' ® ”’^‘,S’?o“o-rng. histamine. X marks an emptying 
1 fig. ®g§ contraction ^ |rrows indicate irradiation as in fig. 4. 

lontr’^tioo after 0-5 /'Silif f^minutes. Details in text. 


%me in minutes. 



Liberation of a Slow-Reacting Substance in Anaphylaxis 131 

that CO 2 diminishes the excitability of the gut. Three to five minutes 
after the stream of oxygen passing through the bath was replaced by 
a mixture of 80 p.c. CO, and 20 p.c. 0, the response to 0-1 pg. of 
acetylcholine was reduced, but that to 0-l-0>b pg. of histamine, to 
1-4 mg. of S.R.S., to 100 times the minimum elTcctive dose of the 
anaphylactic antigen or to a strongly active dose of cobra venom 
(10 to 100 pg.) was abolished. When pure oxygen was once more 
bubbled through the hath the response to histamine became normal 
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Fig. 7. — Kesponses of 4 pieces of jejunum, I from a normal guinea-pig, 11, III, 
and IV from a guinea-pig sensitised to egg albumin 28 days previously. Between 
tbo arrows in 1, 111, and IV, COj 80 p.c., and O, 20 p.c. bubbled through the hath. 

At S, 1 mg. S.R.S.; at A, 1 /ig., and at A', 100 /tg. egg albumin. At C, 0-05 /<g., 
and at O', 0-1 fcg. acetylcholine. At H, 0-1 fig., and at H', 0-2 /ig. histamine. 

The unlettered contractions are to 0-1 pg. histamine. Time in minutes. Details 

in text. 

again after 4 to 10 minutes, and if the anaphylactic antigen or cobra 
venom had not been given previously they produced their normal 
contractions. In fig. 7, I, a piece of normal jejunum is shown to have 
lost its excitability to O-l ^g. of liistamine and to 1 mg. S.R.S. during 
treatment with 80 p.c. COj. The effect of COg on the anaphylactic 
response is shown in fig. 7, II, III, and IV, at A and A' on three pieces 
of jejunum from a sensitised guinea-pig. The response in II (at A) 
to 1 fxg. egg albumin had a latency of 18 seconds and that in III a 
latency of 20 seconds. The response in III was obtained after treat- 
ment with 80 p.c. COj for 17 1 minutes and a suitable period for recovery 
of excitability to histamine. It will be seen that the previous treatment 
with COo had not impaired the anaphylactic response. In IV the gut 
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of the jejunum and great diminution of its excitability as indicated 
by its responses to histamine and acetylcholine. It is, however, 
possible to administer sub-threshold doses of Torantil to the jejunum 
and leave them in contact wdth the muscle for prolonged periods without 
impairing the response of the gut to histamine or to acetylcholine. 
In fig. 6, IV, during a total period of 3 hours and 30 minutes, eleven 


successive doses of 0-05 unit of Torantil each acting for 8 to 15 
minutes were added to the bath before testing wdth egg albumin. The 
effects of the first and eleventh doses of Torantil are figured. After 
this treatment the response to histamine (at H), to acetylcholine (at C}, 
and to 4 yag. egg albumin (at A, latency 20 seconds) were unimpaired. 

After a single large dose of Torantil the responses of the muscle 
to histamine, to a second dose of Torantil, and to the antigen are 
greatly diminished. In fig. 6, III, the addition of a first dose of 
0-5 unit of Torantil to the bath (at T) caused a rapid contraction after 
a latent period of 20 seconds. The Tyrode solution in the bath was 
changed after a minute and the gut slowdj’^ relaxed. The jejunum now 
failed to react to a second dose of Torantil (at T) and gave only minute 


responses to 0-2 pg. of histamine (at H) and a much-reduced response 
to 4 pg. of egg albumin (at A), although the latter had a latency of 
only 25 seconds. Under similar conditions the response of the jejunum 
of the normal guinea-pig to cobra venom wms apparently unaffected. 
In one experiment in which Torantil had abolished the excitability of 
the gut to 0-2 pg. histamine, 10 pg. cobra venom produced a large 
sustained contraction wdth a latency of 12 seconds. 

(vi) The Effect of GO^ on the Anaphylactic Response . — Garan [1937] 
has showm that bubbling COj through a solution containing histamine 
renders it inactive w'hen tested on the guinea-pig’s jejunum and has 
attributed this inactivation to the formation of a readily dissociable 
compound of histamine wdth COj, We have been able to confirm this 
observation, but our results suggest a different explanation. When 
CO is bubbled through a solution of histamine (1:2 millions) for a few 
minutes, the response of the gut to 0-2 c.e. of the solution is much less 
than that to 0-2 c.c. of the untreated solution, but a similar depression 
of the response to this dose of histamine is obtained, w'hen 0 - 2 - 0'4 c.c. 
of Tyrode solution through which CO. has been bubbled is added to 
the bath immediately before the histamine is tested. S.R.S. exhibits 
similar behaviour though the effect of CO, is not so striking, possibly 
y, se the slow'er reaction to S.R.S. permits time for the removal of 
Co'^'in the bath by the oxygen bubbling through it. These results 
^ t that the inactivating action of 00^ is attributable to its 
SSsant action on the gut, in which case we are provided wdth another 
^th d for producing transient depression of the excitabihty of the 


senrftivejewnum.^^^ine^ afford further evidence in support of the %dew^ 



Liberation of a Slow-Reacting Substance in Anapiiylaxis 133 

dose selected only suffices to produce a submaximal contraction in the 
untreated gut. This is illustrated in fig. 9, which shows the responses 
of three pieces of jejunum from a guinea-pig sensitised 91 days earlier 
by the subcutaneous injection of 16 mg. of egg albumin. The sensi- 
tivity of the gut to egg albumin is shown by the responses in the upper 
two panels (at A and A') to 6 and 0’05 pg. respectively of the antigen. 
These responses had latencies of 9 and 20 seconds. The lower panel 
shows the responses of a third piece of jejunum to 1 mg, S.R.S. (at S) 



Fio. 9. — Responses of 3 pieces of jejunum from a sensitised guinoa-pig. At A, 

S^ig,, and at A', O-S /(g. egg albumin; at S, 1 mg,, and at S', 4 mg. S.R.S. ; at T, 

4 mg. 01. welchti type A toxin. The unlettered responses are to 0'06 ftg. histamine. 

Time in minutes. Details in text. 

with a latency of 7 seconds. Two doses of 4 mg. of toxin (at T) 
each left in contact with the gut for 3 minutes gave responses with 
latencies of 35 and 20 seconds, and a third dose gave no response. The 
gut now gave only a trivial response to 4 mg. of S.R.S. (at S')j but 
reacted to 0-05 g. of egg albumin (at A’) with a latency of 21 seconds. 


B. The Isolated Vlenis of the Virgin Ouinea-Pig. 

Lysocithin . — Lysocithin causes a strong sustained contraction of 
the virgin uterus followed by a period of decreased excitability to 
histamine [Peldberg, Holden, and Kellaway, 1938], After repeated 
doses the muscle ceases to respond to lysocithin, its response to hista- 
mine is reduced but not abolished, and it can no longer respond to S.R.S. 
In this condition the anaphylactic response is reduced to the same 
degree as that to histamine. These statements are illustrated in 


132 Kellaway and Tretliewie 

failed to respond to 100 /xg. egg albumin after treatment for 10 minutes 
with COo. When the response to histamine was again normal alter 
changing-hack to 0,, the gut was found to have been desensitised to the 
antigen failing to respond to a second dose of 100 pg. of egg albumin. 

Since the reactivity of the gut to histamine and to a.cetjdchohne 
is influenced in different degrees by CO™ [Garan, 1937], we trie o o am 
a similar differentiation for histamine, S.R.S., and antigen } usmo 
CO, in lower concentrations, but we were not able to ac leve i . 
A mixture of 30 p.c. CO,. 50 p.c. N„ and 20 p.o 0. 
results depending on the period of exposure to the , ^ 

After 2-3 minutes the gut invariably failed to respond - 

1 i ' 



8— Kesponses of lejunum of a guinea-pig. At S, 1 mg- 
n 0 Wttaraine. The unlettered responses are to 0-1 /ig. histomme. Bet 

, aoTo CO„ 50 p.o. N„ and 20 p.c. O, bubbled through the both, 
the arrons 30 p.o. minutes. Details in text. 

1 - 1 . -rao +r> 2 ms. S.R.S., and to about twice the threshold dose 
his n’ n jjut gave a large response to 100 /xg. egg albumin. 
irAo SnSes exposure even\he response to this large dose of 
fnilpfl When 1 or 2 minutes after washing out the antige 
qRS the stream of CO 2 mixture was replaced by oxygen, a 
f’ ri contraction often followed which was probably a delaye 

prolonged contrartiM ^ ^ ^ m„t,ated tor 1 mg. of 

response c g ^ similar phenomenon was observed after the 
S.R.S. in g- when cobra venom (100 /xg.) had been 

^^^n^^^^When oxygen was again bubbled through the bath a strong 

contraction occurred.^^^^^^ ijesponse after Treatment with the Toxin of 

(vn) TU ^ reneated administration of this toxin to the jejunum 
01. welc/m .pg reactivity s.R.S., but does not impair its 

greatly [Kellaway and Trethewie i]. It seemed worth 

response to hist ^ anaphylactic response. A piece of 

while to study i s guinea-pig after treatment with toxin gives 

ieiunum from a sens anaphylactic antigen even when the 

iu uuimpuired response 
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65, and 120 seconds. The responses to the sixth and seventh doses 
were trivial, and there was no response to the eighth dose of lysocithin. 
The uterus now failed to react to its first dose of 4 mg. S.R.S. and gave 
a maximal contraction with a latency of 20 seconds to 1 mg. egg 
albumin. This response was equivalent to that given by 5 ng. hista- 
mine, which was not appreciably less in extent than that obtained 
before treatment with lysocithin. 

g,R,S. ^The behaviour of the uterus to repeated doses of S.R.S. 

is peculiar but has been observed regularly in a number of experiments. 
The earlier responses to S.R.S. have increasing latencies and show 
progressive decrease in extent, but after four or five responses the 
contractions again become stronger and their latencies are not further 
increased. At this stage the natural rhythm and the response of the 
muscle to histamine are increased. The uterus is not desensitised to 
the specific antigen by treatment with S.R.S. however prolonged. 
Tor example, one horn of the uterus of a guinea-pig 34 days after a 
sensitising injection gave a submaximal response with a latency of 
12 seconds to 4 fxg. egg albumin. The other horn after treatment 
with five doses of 4 mg. and three doses of 8 mg. S.R.S., administered 
at intervals of half an hour and left in contact with the muscle for 6 
minutes, gave a maximal response with a latency of 15 seconds to 
20 jxg. egg albumin. 

Carbon Dioxide . — Bubbling a mixture of 80 p.c. COj and 20 p.c. 
oxygen through the bath caused reversible depression of the excitability 
of the muscle. The sensitised uterus now failed to respond to 8 mg. 
S.R.S., to 2 mg. lysocithin, to 10 fig. histamine, to 0-2 unit of pitressin, 
to 1 (ig. acetylcholine, and to ten times the effective dose of anaphy- 
lactic antigen. When oxygen was again bubbled through the bath 
the excitability of the muscle shortly returned to normal. If it had 
not been tested with the antigen during the phase of depressed excita- 
bility the uterus was still fully sensitive to the antigen, but if it had 
been tested with antigen it could no longer give an anaphylactic 
response, having been desensitised without reaction. 

C. The Perfused Lung. 

(i) Liberation of a Slow-reading Muscle-stimulant Substance from 
the Perfused Lung during Anaphylactic Shock. — Bartosch, Feldberg, 
and Nagel [1932] have shown that the injection of the anaphylactic 
antigen into the perfused lung of the sensitised guinea-pig caused the 
liberation of histamine. Our experiments show in addition that a 
substance which in its action on the isolated jejunum of the guinea-pig 
resembles that formed by the action of snake venoms on egg yolk or 
perfused tissues [Feldberg, Holden, and Kellaway, 1938] appears in 
the outflowing perfusate from the lung after the anaphylactic response. 
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fig. 10, winch shows the responses of the two horns of tlie uterus 
days after a sensitising injection of egg albumin, 
rhe left horn g^e a moderate response with a latency of 20 seconds 
to ^ mg ot b.R.S. and a submaximal response with a latency of 
25 seconds to 40 pg. egg albumin. The uterus was now desensitised 
to this dose of antigen. The response of the right horn to 3 aa 
lustamme was maximal, and 2 mg. of S.R.S. gave a response simila" 
to that of the other horn. Four doses of lysocithin (5 mg.) gave 
progressively diminishing contractions, the first three with latencies 




of a sensitised 

minutes. Details in text. 


of 7, 30, and 50 seconds. The muscle now gave no reaction to 

4 mg. of S.R.S. ^ During this treatment the uterus, though still able 
to contract to histamine, gave responses of diminished extent that to 
12 pg. being only half as great as the response obtained at first with 
3 pg. With 40 pg. egg albumin, after a latent period of 30 seconds, 
it gave a contraction of about the same size as that caused by 3 pg. 
histamine. In some experiments the diminution of the response to 
histamine and to the anaphylactic antigen appeared to be related to 
the fact that the muscle gradually became contracted during treatment 
with lysocithin. Sometimes the responses to histamine and to the 
anaphylactic antigen were not significantly reduced by lysocithin. 
This Avas the case in an experiment m which eight successive doses of 

5 mg. of lysocithin were left in contact, each for 5 minutes, with the 
uterus of a guinea-pig 23 days after the sensitising injection. The 
latencies of the first five responses to lysocithin u-ere 20, 20, 40, 
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fourth sample (collected in 41 minutes) contained only a trace, and 
the fifth and sixth samples were free from detectable amounts of 
histamine. There was no S.R.S. in the first sample after injeetion, 
but it was xmesent in moderate amounts in the second and third samxfies 
and in diminishing amounts in the fourth, fifth, and sixth samples. 
When the lung was cut down after the experiment, 1-3 c.c. of fluid 
drained off during 10 minutes. This fluid contained histamine in a 
concentration of 1 : 7 millions and a small amount of S.R.S. The lung, 
which was oedematous, now contained only 10 fig. histamine per gram. 
In fig. 11 the contractions at A, B, D, E, F, and G are to 1 c.c.' of the 
six successive samples collected after the injection, and that at H to 
1 c.c. of drainage fluid. The samples were left in contact with the gut 
for 10 seconds before washing out. The steep contractions at A, B, 
and D, having no latency, are attributable to histamine, whereas the 
presence of S.R.S. is shown only by delay in relaxation. The contrac- 
tion of the fifth sample (at F) had a latency of 5 seconds and must 
be attributed Avholly to S.R.S. The contraction of the fourth sample 
(at E) started immediately, but only a small portion of it was due to 
histamine. This was evident when the fourth and fifth samples U'cre 
retested upon the following day, having been kept overnight in the 
refrigerator. By this time the trace of histamine in the fourth sample 
had disappeared, and the contractions produced by both samples had 
a latency of 5 seconds like that at F in fig. 11. In fig. 12 an experi- 
ment is illustrated in which the output of histamine was small, but 
that of S.R.S. substantial. The lungs of a guinea-pig weighing 
42S g. 46 days after the sensitising injection were perfused at a rate 
of 3 c.c. per minute. At B the effect of 1 c.c. of a sample collected a 
few minutes before the injection of 20 mg. of egg albumin in 0-2 c.c. 
was tested, and at C that of 4 mg. albumin in 1 c.c. of this sample of 
perfusate. The responses were trivial. The shock after the injection 
was slow in onset and only complete in 4 minutes. The first three 
samples after the injection contained 1 fj,g. histamine, which was present 
in concentrations of 1: 25, 1: 12, and 1: 17 millions. The fourth and 
fifth samples, which were collected at a slower rate of flow (1-5 c.e. 
per minute), contained no detectable amount of histamine. S.R.S. was 
present in traces only in the first and second samples and in substantial 
amounts in the following three samples after injection. The responses 
to 1 c.c. of the fourth and fifth samples are seen at A and D in fig. 12, 
the latencies being 7 and 5 seconds respectively. 

(ii) Ejfect of Antigen on the S.R.S. Content of Lung Extracts . — The 
appearance of S.R.S. in the venous outflow from a perfused lung when 
anaphylactic shock has been produced may have been due to formation 
of this substance or to its liberation from pre-existing stores in the 
tissue. In order to decide this question, lobes of the lungs before and 
after the antigen had acted upon them were extracted and assayed for 
ror.. XXX., no. a.— mo. 10 
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This substance may be identical with that formed by the action of 
snake venom, though we have no proof that this is the case. For 
convenience, however, we shall refer to it as S.R.S. We found that 
there was much variation in the amounts of histamine and S.R.S. 
appearing in the perfusate. The maximum output of histamine 
preceded that of S.R.S., and the highest concentrations observed ranged 
from 1 in 1 million to 1 in 20 millions. The output of S.R.S. bore no 
relation to the amount of histamine liberated. 



l''lG. 11. — Responses of jejunum of a guinea-pig to perfusate from the isolated 
lungs of a sensitised guinea-pig. The unlettered contractions are to Od /‘S’ 
histamine. Time in minutes. Details in te.'ct. 
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12. Responses of jejunum of a guinea-pig to 1 c.o. of perfusates from 

the isolated perfused lung of a sensitised guinea-pig. At B, a sample before, 
at A and D, samples collected after the injection of antigen ; and at C, 4 mg. egg 
albumin in 1 c.c, of B. Time in minutes. Details in te.vt. 


Our main results are illustrated in figs. 11 and 12. Fig. 11 shows 
tests of perfusate from the lung of a guinea-pig weighing 39S g. 
50 days after the sensitising injection. The lung, a piece of which 
before the injection of antigen was found to contain 25 /tg. histamine 
ner gram, was perfused at a rate of 1-5 c.c. per minute, and the per- 
f te before the injection of antigen, had no appreciable action on 
Sr isolated gut of the guinea-pig in doses of 1 c.c. (at C). After 
Inipction of 20 mg. egg albumin in 0-2 c.c. shock was observed 
■ iV conds and was complete in 40 seconds. The first three 
1 r,11peted during successive periods of 34, 4, and 6„ minutes 
samples c contained a total of 3 /ig. histamine which was 

of 1:3-5, 1:7, and 1:10 millions. The 
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appearance of histamine and S.R.S. in the perfusate. Perfusion was 
stopped 12 minutes after the injection, when the activity of the perfusate 
had again greatly diminished. The lung was cut down, weighed, and 
extracted after some fluid had drained off. The weight of the combined 
lobes was 1-7 g., but the amount of tissue in the extract was based on 
the weight of 0-68 g. of the non-oedematous tissue. The effect of egg 
albumin in increasing the S.R.S. yield of saline extracts was only 
obtained in sensitised guinea-iiigs ; in normal animals the egg albumin 
had no effect of this kind whether injected into the perfused lung or 




Jio. 14. Responses of the isolated jejunum of e guinea-pig to sediment and 
supernatant fluid of an extract of desiccated dog’s lung. A, boiled, and A', unboiled 
.^diraent ; B, boiled, and B', unboiled supernatant fluid equivalent to 6 mg. tissue. 
1 no unlettered contractions are to 0-1 /(g. histamine. Time in minutes. Details 

in text. 


allowed to act upon the ground-up organ in vitro . , It seemed therefore 

likely that S.R.S. was formed by the action of antigen upon sensitised 
tissue. 


On the other hand, simple extraction may not have removed all the 
available S.R.S. in normal tissue, and the increase after anaphylaxis 
may have resulted from the easier extraction of S.R.S. from cells 
injvned by the antigen-antibody reaction. We therefore used extracts 
o esiccated tissue [Kellaway and Trethewie, 1939], which always 
contain more S.R.S. than simple saline extracts. ,It is possible that 
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their S.R.S. content. Simple saline extraction of the fresh tissue gave 
results different from those obtained on extracting the desiccated 
tissue. The effect of antigen was to increase the yield of S.R.S. in the 
simple saline extracts, but not that in the extracts of desiccated tissue. 
An experiment with simple saline extraction is illustrated in fig. 13 
in which A show’s the effect of extract of untreated right lung, B that 
from the left lung after the anaphylactic shock had been produced in 
the perfused organ, and C that from the right lung the extract of which 
had been incubated w’ith egg albumin. It w’ill be seen that the lung 



;ii 

iiiiuAiimLLilfvi/WI 

II III 


A C S 


Fio. 13. — Kesponses of jejunum of a ^inea-pig. At A, B, and C to extracts of 
perfused lung from a sensitised guinea-pig; at S, 1 mg. S.R.S. (latency 12 seconds). 

The unlettered responses are to 01 pg. histamine. Extracts left in contact with 
gut 15 seconds. Time in minutes. Details in text. 

yields more S.R.S. when the anaphylactic shock has been produced or 

the ground-up tissue incubated in vitro w-ith the antigen than when 

no antigen has been allowed to act on the tissue. The extracts were 

obtained from a guinea-pig tveighing 268 g. 32 days after the sensitising 

injection and made up so that 0-2 c.c. contained 5 mg. lung tissue, the 

amount used for the tests. Both lungs had been perfused, the right 

lung being removed after some minutes. It w’eighed 0-68 g. Part 

of it w'as ground up in saline solution, boiled, and assayed at A. R 

had a histamine equivalent of 27 pg. per gram. The other part, 

0’28 g v’as ground up in saline solution and incubated for 15 minutes 

at 37° C- v’ith 20 mg. egg albumin before it w’as boiled and tested at C. 

Incubation -without the addition of egg albumin did not change the 

fF ct of the extract. The contractions at A in II w’ere obtained from 

^ tracts incubated without egg albumin. The left lung and the 

^ t mediate lobe, the combined weight of which equals that of the 

• Rf lun" W’ere perfused at a rate of 2 c.c. per minute. An injection 

oA Tr,r of albumin produced strong broncho-constriction and the 
of 2i\i Dig* 
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D The Effect of Antigen on the S.R.S. Content of Extracts from the 
Perfused Jejunum, Uterus, and Uver of Sensitised Guinea-Pigs. 

(i) Extracts from adjacent portions of the perfused 

jejunum, prepared by grinding the fresh tissue with silica and saline, 
contained about the same amount of histamine and of a slow-reacting 
substance wbich may be identical with the substance formed by the 



Fio. 16. — Kecords of isolated jejunum from 3 guinea-pigs. Jejunum in III 
desensitised to cobra venom. Unlettered responses are to 0-1 pg. histamine. 
Extracts left in contact with gut for 10 seconds in I, for 16 seconds in II, for 
30 seconds in III. Time in minutes. 

(I) Effects of saline extracts equivalent to 2-5 mg. tissue from perfused 
jejunum of 190 g. guinea-pig sensitised 21 days previously. A before, B after 
arterial injection of 35 mg. egg albumin. 

(II) Effects of desiccated saline extracts, equivalent to 10 mg. tissue, from 
perfused jejimum of 280 g. guinea-pig sensitised 32 days previously. A before, 
B after incubation with 60 mg. egg albumin per gram tissue. 

(III) Effects of desiccated saline extracts, equivalent to 5 mg. tissue, from 
jejunum of normal guinea-pig. A before, B after incubation \vith 1 mg. cobra 
venom per gram tissue. 


action of venoms on tissues and will therefore be referred to as S.R. 
When one piece of jejunum was extracted before and another aftv.^ 
an arterial injection of egg albumin into the perfused gut of a sensitised 
guinea-pig, this method of extraction yielded less histamine but more 
S.R.S. from the injected piece than from the control one. but when the 
extracts were desiccated and re-extracted they failed to reveal any 
difference. Similar results were obtained on the S.R.S. content when 
egg albumin was allowed to act in vitro upon saline extracts of a piece 
of perfused jejunum. The amount of S.R.S. increased in the extracts 
incubated with albumin, but the difference disappeared when the 
extracts were desiccated and re-extracted. When extracts from the 
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some S.R.S. is formed during the process of desiccation, but mor 
likely that the increased yield results from better extraction. Indeed 
the extraction appears to be complete, since after centrifugation of th 
re-extracted desiccated tissue the total aetivity^ of histamine as well a 
of S.R.S. was found in the supernatant fluid, whereas none could b 
detected in the residue when it was 'ground up again and tested, boile 
or unboiled. This is illustrated in fig. 14 for an extract made from th 
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Fig. 15. — Responses of 2 pieces of guinea-pig’s jejunum to extracts of the perfused 
lung from a guinea-pig sensitised 41 days previously. In I simple saline extracts 
equivalent to 12*5 mg. and in II desiccated extracts equivalent to 5 mg. tissue; 
A and C, control extracts; B and B, extracts of lung incubated with egg albumin. 
The unlettered responses are to 0*1 //g, histamme. Time in minutes. Details 

in text. 




normal lung of the dog. In five experiments on the perfused lungs 
sensitised guinea-pigs in Avhich the tissue was desiccated before i 
final extraction, incubation of the ground-up tissue with egg album 
did not increase the yield of S.R.S. In fig. 15 the difierent resul 
obtained with the two methods of extraction are illustrated. In tl 
experiment the simple saline extract had to be tested in a dose equivale 
to 12-6 mg. of tissue. There was an increase in histamine and S.E- 
after incubation with egg albumin (at B). After desiccation (in 1 
extract equivalent to 5 mg. of tissue only was needed for the test ai 
the incubation with egg albumin before desiccation had caused i 
increase in the yield of S.R.S. or of histamine. It appears like 
therefore that the antigen-antibody reaction causes liberation but n 

formation of S.B.S. in the lung. 
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L. The Effect of Antigen on 
Perfused J efununi, Uterus, 


the SM.S. Content of Extracts from the 
and Liver of Sensitised Ouinca-Pigs. 


li) Je 7 ««« 77 U~Extracts from adiaemri portions of the perfused 
ieiunum, prepared by grinding the fresh tissue with silica and sahno, 
contained about the same amount of histamine and of a slow-reacting 
substance which may be identical with the substance formed by the 



Pio. 16. — ^Records ot isolated jejunum from 3 guinea-pigs. Jejunum in III 
desensitised to cobra venom. Unlottored responses are to 0-1 /ig. histamino. 
Extracts left in contact with gut for 10 seconds in I, for 15 seconds in II, for 
30 seconds in HI. Time in minutes. 

(I) ESeets of saline extracts equivalent to 2-5 mg. tissue from perfused 
jejunum of 190 g. guinea-pig sensitised 21 days previously. A before, B utter 
arterial injection of 35 mg. egg albumin. 

(II) Effects of desiccated saline extracts, equivalent to 10 mg. tissue, from 
perfused jejunum of 280 g. guinea-pig sensitised 32 days previously. A before, 
B after incubation with 66 mg. egg albumin per gram tissue. 

(III) Effects of desiccated saline extracts, equivalent to 5 mg. tissue, from 
jejunum of normal guinea-pig. A before, B after incubation with 1 mg. cobra 
venom per gram tissue. 


action of venoms on tissues and will therefore be referred to as S.R.S. 
When one piece of jejunum was extracted before and anotlier after 
an arterial injection of egg albumin into the perfused gut of a sensitised 
guinea-pig, this method of extraction yielded less histamine but more 
S.R.S. from the injected piece than from the control one. but when the 
extracts were desiccated and re-extracted they failed to reveal any 
difference. Similar results were obtained on the S.R.S. content when 
egg albumin was allowed to act in vitro upon saline extracts of a piece 
of perfused jejunum. The amount of S.R.S. increased in the extracts 
incubated with albumin, but the difference disappeared when the 
extracts were desiccated and re-extracted. When extracts from the 
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jejunum were incubated with cobra venom there was an increase in 
the jdeld of S.R.S. not only in simple saline extracts but also in the 
desiccated saline extracts. These results are illustrated in fig. 16 by 
three experiments, the details of which are given in the legend of the 
figure. 

(ii) Uterus and Liver . — When saline extracts of the uterus or liver 
from sensitised animals were tested on the isolated jejunum in doses 
equivalent to a few mg. of tissue they gave only a trivial S.R.S.-like 
response or none at all. In contrast to the results obtained with 
extracts of the intestine and lung, incubation wdth egg albumin did not 
influence the activity of such extracts. 

Discussion. 

The similarity of the anaphydactic contraction of the jejunum of 
the guinea-pig to that caused by venom provides some basis for the 
vieiv that this contraction may' depend at least in part on the formation 
or liberation of a substance like the S.R.S. formed by snake venoms. 
The study of this response under a variety of conditions of decreased 
reactivity of the muscle failed to give a decisive answer to the question 
as to whether the anaphylactic contraction results from the liberation 
of histamine or from the liberation or formation of S.R.S. In com- 
paring the responses of the muscle to histamine, to S.R.S., and to 
the antigen under these conditions, we have not only to -take into 
account the likehhood that these various kinds of depressed reactiidty 
have resulted from w'holly different changes in the muscle, but also 
the possibility that the modes of action of the three stimuli are different. 
The action of histamine on the muscle is direct and immediate, and that 
of the antigen indirect and delay'ed, probably' therefore resulting from 
the liberation or production of active substances. S.R.S. causes a 
delayed response after a definite though short latent period, and it is 
not inconceivable that this also is determined indirectly by' liberation 

of a stimulating principle. 

We have summarised the results of the experiments on the jejunum 
of the guinea-pig in Table I. It w'ill be seen that most of the conditions 
of decreased reactivity reduced the responses of the gut to antigen, 
to histamine, and to S.R.S. to about the same extent, or that the 
differences observed were too slight to allow any conclusions to be 
drawn from them. There were, however, three exceptions. In the 
late stage of lysocithin poisoning, when recovery was taking place, the 
nhvlactic response was but little affected though the responses 
t" Hstamine and to S.R.S. were greatly reduced. This result does not 
t either the contention that histamine on the one hand or that 
on the other is the chief contracting principle in anaphylaxis. 
It - however not unlikely that if active substances are liberated w'ithin 
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TAHi-r: 1. 


Treatment. 

Responses of the jojunum fo 

S.R.S. 

Histamino, 

Antigen. 

S.R.S. 

Lysocithin (early stage) 
Lysocithin (late stage) . 
Photodynamic action . 
Torantil 

COj high concentration 
COj low concentration . 
Toxin of Cl. wdehii A . 

Almost nholished 
Aholislied 

Greatly reduced 
Greatly reduced 

Abolished 

Seduced 

Greatlj' reduced 

Unimpaired 
Almost abolished 
Greatly reduced 
Greatly reduced 
Greatlj' reduced 
Abolished 
Seduced 
Unimpaired 

Slightly reduced 
Almost abolished 
Slightly reduced 
Greatly reduced 
Greatly reduced 
Abolished 
Seduced 
Unimpaired 


a muscle they are more effective stimuli than when applied to its outer 
surface. In the other two exceptional cases after repeated administra- 
tion of S.R.S, and after treatment rvith the toxin of Cl. welcMi type A, 
the response to S.R.S. was greatly reduced, whereas those to histamine 
and to the anaphylactic antigen w'ere unimpaired or only slightly 
affected. A similar dissociation of the responses was obtained by 
treating the uterus of the guinea-pig with repeated doses of lysocithin. 
These results favour the hypothesis that histamine and not S.R.S. is 
responsible for the anaphylactic contraction in both muscles, and 
differentiate between the anaphylactic response of the gut and that 
due to cobra venom because after treatment with the toxin of Gl. welchii 


type A the gut fails to respond to an initial dose of venom. On the 
other hand, it has been shown that when the uterus is poisoned by large 
doses of histamine it reacts to further doses by relaxation, whereas 
S.R.S. and the anaphylactic antigen still cause contraction although 
to a somewhat reduced extent. We are thus unable from a comparison 
of the^ contractions of these varieties of plain muscle under different 
conations of reduced reactivity absolutely to exclude either histamine 
or S.R.S. as stimulant principles participating in the anaphylactic 
response. There remains the possibility that both substances are 
involved, an assumption which is supported by the experiments now 
to be discussed. 


e liberation of histamine during the antigen-antibody reaction 
as een demonstrated for various organs and under different experi- 
men a conditions. In our experiments also histamine appeared in 
le perfusate from sensitised lungs after the arterial injection of the 
an igen, but in addition there appeared a substance (or substances) 
witb an action on the isolated gut like S.R.S. formed by venoms. 

describe this as S.R.S. we have not established its identity 
VI It e substance formed by venom. We have, however, attempted 
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to find out whether it is liberated or formed. The increase of S.R.S. 
in fresh extracts of the perfused lung and intestine after arterial 
injections of the antigen or incubation with it suggested formation of 
S.R.S., and it thus appeared that in sensitised animals the antigen 
exerted an enzymic function similar to that of venoms and that S.K.S. 
might be regarded as a cleavage product derived from the lipins during 
such reaction. Further experiments, however, -with dried tissue 
extracts, which gave a greater yield of S.R.S. from normal tissues than 
did fresh extracts, revealed no increase in S.R.S. content when the 
antigen had been allowed to act on the tissue. It is therefore more 
hkely that the yield of S.R.S. obtained by saline extraction of fresh 
tissue is incomplete and that the increase observed after the action of 
antigen must be explained not by formation of S.R.S. but by its 
liberation from the tissue, where it may be normally held in an inactive 
form within the lipo-protein structure of the protoplasm or loosely 
bound to some other substance. Though we cannot be certain what 
are the effects of drying upon the constituents of a tissue and whether 
this in itself may not result in the liberation of S.R.S., it should he 
noted that, in agreement with the conclusion that S.R.S. is formed by 
venom, desiccated extracts of tissue incubated with cobra venom show 
a striking increase in S.R.S. over that present in control extracts. 

The amount of S.R.S. detected in extracts as a result of the antigen- 
antibody reaction was much less than that obtained in the experiments 
with venoms, and though this quantitative difference might be attributed 
to our inability to produce reactions with antigen as strong as those 
produced by venoms, it is more likely that the difference is a qualitative 
one and is possibly even dependent on an essential difference in nature 
between the superficially similar slow-reacting substances formed in 
the case of cobra venom and liberated from the tissue cells in the case 
of the anaphylactic reaction. 


Conclusions. 

1. The response of the isolated jejunum of the sensitised guinea-pig 
to the anaphylactic antigen resembles that produced by venoms and 
by S.R.S. in its latency, in the time required for relaxation, and in the 
after-changes in excitability of the muscle, 

2. The contractions of the jejunum of the guinea-pig to antigen, 
to histamine, and to the slow-reacting muscle-stimulant substance 
(S R S.) formed by venoms were compared under various conditions of 
decreased reactivity of the muscle. These were brought about by 
administration of S.R.S., lysocithin, histaminase (Torantil), CO„, the 
toxin of Cl. welcMi type A, and by photodynamic action. In most 

the responses to histamine, S.R.S., and antigen were depressed 
to the same extent. After repeated treatment with S.R.S. the response 
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to S.R.S. was greatly reduced or abolished, that to histamine was 
uiuiupaired, and the response to the antigen was only slightly aifected. 
During recoTery from lysocithin poisoning the response to the antigen 
was only slightly reduced, while those to S.R.S. and histamine were 
greatly reduced. After treatment with the toxiir of Cl. welcJdi type A 
the response to S.R.S. was greatly reduced, whereas those to histamine 
and to the antigen were unimpaired. A similar dissociation was 
observed udth the guinea-pig’s uterus after lysocithin. 

3. The inability of the jejunum of the guinea-pig to respond to 
histamine when COo has been bubbled through the solution containing 
it does not result from the formation of a loose but inactive compound 
of histamine with COo, but from an effect of COo on the muscle, causing 
a decrease in its reactivity to various stimuli. 

4. The intra-arterial injection of antigen into the isolated perfused 
lung of the guinea-pig causes the liberation of a slow-reacting muscle- 
stimulant substance into the outflowing perfusate. 

5. Fresh saline extracts of sensitised lung show an increase in their 
S.R.S. content after incubation with antigen, but extracts of tissue 
desiccated after treatment with antigen and subsequently re-extracted 
show no such increase. 

6. Fresh and desiccated extracts of sensitised jejunum incubated 
with antigen behave like lung extracts, but fresh saline extracts of 
sensitised uterus and liver similarly treated show no increase in 
activity. 

7. Desiccated as well as fresh extracts of intestine treated rvith 
cobra venom show a striking increase in their content of S.R.S. 

8. It is concluded that the anaphylactic contraction of smooth 
muscles is in part due to the liberation of histamine and probably in 
part also to S.R.S., which is liberated and not formed in the antigen- 
antibody reaction. 
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ABSORPTION PROM THE JOINT CAVITYJ By E. W. 0. Adkins 
and D. V. Davies. From the Anatomy School, Cambridge. 

{deceived Jor publication 2wrf December 103D.) 


A CLEAB conception of the pathways involved in the removal of true 
solutions and particulate matter from the joint cavity is essential, 
either from the point of view of the absorption of normal sjuiovial 
fluid or of effusions into the joint. 

Little attention seems to be paid to the limited literature on this 
subject by the orthopajdic surgeons of the present day. One of the 
earliest observers was von Mosengeil [1876] who gave an account of 
the absorption of ink particles from the knee-joints of rabbits. This 
was followed by Braun [1894] who gave an excellent description of the 
absorption of colloidal particles from joint cavities. More recent 
workers have been Fisher [1923] on the absorption of both colloidal 
and true solutions; Key [1926], whose paper on the removal of colloidal 
carbon particles followed closely the lines taken by Braun; and, later, 
Bauer, Short and Bennett [1933] on the absorption of proteins from the 
knee-joint in dogs. 

The diarthrodial joint, characterized by the presence of a cavity 
containing synovial fluid, presents two tissues which are biologically 
quite distinct. On the one hand, the hyaline articular cartilage is 
relatively bloodless, has low power of repair and no visible nerve- 
endings. On the other hand, the synovial membrane is richly supplied 
with blood by the circulus vasculosus of Hunter, has high power of 
proliferation and a rich supply of nerve-endings. The possible routes 
of absorption are either into the subsynovial tissue spaces, into the 
capillaries of the circulus vasculosus or into the lymphatic vessels. 

The cell count of the synovial fluid is such as to suggest that certain 
forms of particulate matter may be carried by the cells themselves 
from the joint cavity to one or more of the three destinations mentioned 
above. On the other hand, absorption from the joint cavity may be 
independent of the action of any of the cells in the synovial fluid or 
membrane. The present paper will deal mainly Avith the pathways 
involved in absorption from the joint cavity and, rvhere possible, with 
the mechanical and physical factors concerned. Little attention rvill 
be paid to the tissue reactions. 


Contribution to a discussion in the Section of Anatomy and Anthropolom- at 
nnual Jieeting of the British Medical Association, Aberdeen, 1939 
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Absorption from the Joint Cavity 

membrane, as no difference in the rate of absorption is observed when 
these cells are injured by sodium fluoride. Osmosis and diffusion 
would account for the absorption of true solutions. The diffusion of 
uroselectan from the knee-joint of the rabbit into the surrounding 
tissues can be followed radiograifliically after injection of 1 c.c. of the 
solution into a recently killed animal. This is seen to occur more 
particularly through the posterior part of the capsule of the knee by a 
gradual spread of the radio-opacity in this direction. Similar results 
have been obtained using sodium iodide solutions and following them 
radiographically (fig. 1). 



A B 


Fia. 1. — Radiographs of tho loft knoe-jomt of a rabbit immodiatoly (A) and ono 
hour (B) after the injection, of I c c. of uroselectan B. 


That uroselectan B is mainly absorbed by the blood-stream is 
indicated by the fact that ligature of the femoral sheath in the femoral 
triangle does not affect its rate of removal from the joint. This pro- 
cedure completely occludes the lymphatic pathways of the thigh and 
leg, while the arterial and venous anastomosis in the lower limb seems 
adequate to ensure that the normal functions of the tissue are carried 
out. 


These experiments would seem to indicate that lymphatic absorp- 
tion plays but a minor role, if any, in the absorption of true solutions. 
The injection of 1 c.c. of a 1 p.c. solution of methylene blue into the 
knee-joint of a rabbit shows that there is some absorption into 
lymphatics. On killing the animal hours later, the dye could be 
seen in the lumbar and thoracic lymph channels. In a similar experi- 
ment with the animal under continuous ansesthesia and the skin of the 
ower limb removed, the diffusion of this dye into the neighbouring 
tissues could be observed over a considerable period of time. 


Absorption or Colloidal Solutions. 

Most observers have emphasized that the main pathway for the 
rainage of colloidal particles from joint cavities is into the lymphatic 
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and Method. 

normal Performed on the knee-joints of 

injection, the needle has been intrn^ cavity of the knee after 

Injections made through the Inn! ^ through the patellar tendon, 
in a high percentage of leakaae^^ n capsule have resulted 

fluid has been introduced. ^ if a large amount of 


Twn . . CONSIDEBATIOKS. 

Pwo anatomical points seem i 

extensor digitorum longus muscle f mention here. The 

within the capsule of the knee-joint f 

femur. The tendon carries of the 

prolongation of the synovial m.ll capsule a 

same v'ay as does the tendon nf + 1 ^”^ knee-joint in much the 

human shoulder. Substances fni biceps in the 

rabbit spread along this tendon ^ e i knee-joints of the 

sheath, aided by gravity and movemeS asT^ 

IS seen in almost all the inieetion ankle-joint. This 

rabbits. The Ij^mphatics draining knee-joints of 

than one occasion been observpfl r? • ® sheath have on more 

gland. Little notice seems to have r 

tendon and muscle sheath of the P-rf °f fkis spread along the 

appear that the choice of the dov ^ digitorum, and it would 

Short and Bennett is more satisfactorv ^ experiments by Bauer, 
The second anatomical point is flio ^^°ids this complication, 
in the rabbit. According to Jossifow^ri^Q^n inguinal glands 

inguinal glands are present, but we J ^ superficial 

after introduction of colloidal dyes into^f injected 

glands are present in the dog, horse 'nee-joint. Deep inguinal 

the lymphatics draining the knee-ioint d 

glands [Kling, 1938]. man enter the deep inguinal 

Absoeption of True Solutions unn^r n. 

n • i Joint Cavity 

Our experiments on the absorption of tru i ■ 

performed with uroselectan B (Schering) sod ’ ^ . *^nns have been 

blue solutions. In the first two cases the indide and methylene 

cavity has been followed radiographically from the joint 

uroselectan B injected into the knee-joint of cubic centimetre of 

absorbed in about 2 hours. Movement seems to°h^^^ udult rabbit is 

the rate of absorption in the normal animal and^th effect on 

materially altered by immobilisation. ^ taken is not 

There appears to be no active absorption bv tlm ....u 

J' ne cells of the synovial 
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In the case of injections of 50 p.c. solutions of Higgin’s India ink 
(size of particles 10-100 m. p) 1 c.c. of the solution is removed com- 





B 

“* po^'er (A) and high power (B) views of the synovial membrane 

R 1 ? joint of a rabbit 21 days after the injection of 1 c c. of colloidal mercuric 

p 1 0 into the joint, showing accumulation of injected particles immediately 
under the 8yno\ial membrane. 


pletely from the joint cavity in about 10 days. The particles diffuse 
on y into the subsynovial tissues, and a large quantity of the injected 
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system and have put particular stress on the role of movement in this 
removal. The following points also require consideration: — 

1. The mode of removal of the particles out of the joint cavity into 
the surrounding tissue spaces. 

2. The relative size of the particles that can be removed from the 
joint cavity or synovial membrane by normal lymphatic flow, as opposed 
to ingestion and carriage by phagocytes. 

3. The question as to whether any colloidal particles from the joint 
cavity enter the blood-stream, and, if so, the relative size of particles 
so carried. 

With these points in mind we have carried out numerous injection 
experiments into joint cavities, using Nile blue, trypan blue, Congo red, 
colloidal carbon, colloidal mercuric sulphide solutions and a finely 
divided bismuth suspension. There seems at present to be no means 
of determining the degree of aggregation of. particles which may occur 
after the introduction of these solutions into the joint cavity and no 
means of preventing this aggregation without interfering with the 
results by producing further factors for consideration. 

An injection of 1 c.c. of a 6 p.c. Congo red solution (molecular weight, 
696) is removed from the knee-joint of the rabbit witliin 2 hours. 
Unmistakable diffusion into the surrounding fascial spaces occurs. 
Removal certainly occurs by the lymphatics as shown by the presence 
of the dye in the regional and abdominal lymph chaimels and in the 
popliteal and iliac glands at the end of the experiment. That marked 
absorption into the blood-vessels also takes place is shown by the 
following experiment. 

An adult rabbit was kept anaesthetised during the whole of the 
experiment. The femoral artery, vein and lymphatics were ligatured 
in both femoral triangles and 1 c.c. of a 5 p.c. solution of Congo red was 
introduced into each knee-joint. The animal was killed at the end of 
'S-J- hours, when the blood was shown to be uniformly stained with Congo 
red although there was no evidence that this absorption had occurred 
by way of the abdominal and thoracic lymph channels. The lymph 
channels along the femoral artery were filled with dye only as far as 

the ligature. _ , , . 

With Nile blue solutions (molecular weight, 166) diffusion into the 
tissues around the joint is much more rapid and marked. Following 
the injection of 1 c.c. of a 1 p.c. solution into the knee-joint, the dye 
can be detected in the blood in 1 hour while it permeates along the 
lymphatics only as far as the level of the kidneys. 

Kesults using a 1 p-c. solution oi trypan blue {molecular weight, 
follow closfely those with Nile blue, the rate and degree of diffusion 
into the surrounding tissues being intermediate between those of Nile 
blue and Congo red. 
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In the case of injections of 50 p.c. solutions of Higgin’s India ink 
(size of particles 10-100 m. /i) 1 c.c. of the solution is removed com- 




oftho lrnPB ininf h'Sh power (B) views of the synovial membrane 

sulnhide intn ’"jsction of 1 c.c. of colloidal mercuric 

P joint, showing accumulation of injected particles immediately 

under the synovial membrane. 


pletely from the joint cavity in about 10 days. The particles diffuse 
on y in o t e subsynovial tissues, and a large quantity of the injected 
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material is seen along the sheath of the extensor digitorum longus 
tendon and muscle. A certain quantity is transported to the popliteal 
and iliac lymph glands. No evidence of absorption into the blood- 
stream can be seen. 

With colloidal mercuric sulphide (size of particles, 100-200 m. p) 
and the bismuth suspension (particles estimated average diameter 
0-5 p or more), no removal by lymphatics or blood-stream is observed, 
even after 17 weeks, although this does not prevent their removal out 
of the joint cavity. One cubic centimetre of the colloidal mercuric 
sulphide is removed from the knee-joint into the subsynomal tissue and 
the sheath of the extensor digitorum longus of the rabbit in 10 ajs 
(fig. 2). The particles remain in this situation longer than 17 -neeks. 
The fate of the bismuth is similar (fig. 3). Mention may be made lere 
of the fact that the colloidal mercuric sulphide does not induce anj’ 



3 Badiograplis of the right knee-joint of a rabbit immediately (A) an 

n fi davs (B) after the injection of 0-75 c c. of a colloidal bismuth solution in o 
+v,p mint The colloid is still recognisable in the tissues around the knee-joint, 
although the major portion of the bismuth has extended along the tendon of the 
“ extensor digitorum longus as far as the ankle. 

visible “arthritic” changes in the joint even after 17 weeks. Marked 
“arthritic” changes, such as calcification of the synovial membrane 
and lipping of the articular margin, occur by 20 weeks after the injection 
of the bismuth suspension. In this respect one must bear in mind the 
Lcrobiotic action of bismuth. 


Effect of Immobilisation. 

The diffusion of the Nile blue, trypan blue and Congo red solutions 
V, d in the absence of movement of the joint and can be seen 
IS recently killed animal, though not so markedly as in the 

even m removal by diffusion occurs independently of movement 

and cellular lymphatic drainage of colloidal carbon particles, 

In the ^pjgation of the joint are much more marked. No 

the effects ° found in the lymph glands of the immobilised 

Sfe“.CS.erthei„iec«o„. 
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DisctrssioN. 

Bauer, Short and Bennett [1933] state that . the size of the 
molecule which can be readily removed from a normal joint lies between 
that of horse serum albumin and horse serum globulin,” i.e. 2-4 m. p. 
Our experiments show clearly that particles as large as 10 m. p at least 
escape from the joint into the subsynovial tissues. Burthermore, 
particles considerably larger than those of serum globulin pass from 
this situation into the regional lymphatic glands as evidenced by the 
passage of India ink particles. It would appear probable that globulin 
particles, whether as single molecules or as aggregates, share the same 
fate. There seems little need to postulate, as is done by Kling [1938], 
that the globulin particles may undergo disintegration by the pro- 
teolytic ferments which are present in joint fluids. 

In the case of the rabbit the limiting size of particles which are 
eventually removed from the joint cavity into the lymphatic glands is 
that of mercuric sulphide (diameter 100-200 m. p). This is in sharp 
contrast with the peritoneal cavity of which Bolton [1921] writes; 
“Particles may easily pass between the endothelial cells with the lymph, 
the' limiting size of such particles being approximately that of the red 
blood cell of the animal used,” and, “The blood corpuscles occur in 
small masses here and there in the peripheral lymph channel and in 
places in lymph sinuses.” 


Summary. 

1. Removal of true solutions, colloidal solutions and fine suspensions 
from the joint cavity into the subsynovial tissues occurs comparatively 
rapidly. The rate is proportional to the size of the particle under 
consideration. 

2. The mechanism of this removal is obscure. The experiments in 
this paper suggest a predominantly physical process, although an 
active role for the synovial cells has not been excluded. 

The mechanism of further removal of substances from the sub- 
synovial tissues varies with the size of particle. 

(а) Small particles, e.g. true solutions, enter both capillaries and 
lymphatics with ease. Most are removed in the blood-stream. 

(б) Small colloidal particles, e.g. Congo red, enter both blood 
capillaries and lymphatics, but with greater difficulty, 

(c) Above a certain critical size, probably in the neighbourhood of 
the globulin molecule, removal by both these routes ceases, with the 
exception of small quantities which enter lymphatic vessels but are 
retained in the regional lymphatic glands. 

(c?) Still larger particles, e.g. 100 m. )j. and over, have no route of 
egress from the subsynovial tissues. 

VOL. XXX., NO. 2.-1940. 
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THE DIFFERENCES BETWEEN BLOOD-PRESSURE MEASURE- 
MENTS OBTAINED SIMULTANEOUSLY ON THE TWO 
ARMS.^ Bj' Nathan W. Shock and Eric Ogden. From the 
Division of Physiology of the Medical School and the Institute 
of Child Welfare, University of California, Berkeley. 

{Received for publication Gth December 1930.) 

Intbodhction. 

Aethotigh differences in the arterial blood-pressure at different points 
of the circulatory system are known to exist, it is generally believed 
that in normal persons at rest in the supine position, differences in 
blood-pressure as determined on the two arms are less than the experi- 
mental error of the measurement. Consistent major differences between 
blood-pressure measurements on the two arms have, in fact, long been 
recognised as indication of the possibility of a deformity in or around 
one of the larger arteries [Osier and McCrae, 1935; Hills, 1938; 
King, 1937]. 

Moreover, in studies of clinically normal persons small differences 
in pressure measurements have been reported by Hensen [1900], 
Bing [1906], Fischer [1924], Geisbock [1905], Hare [1925-26], Hirsch 
[1901], McWilliam and Kesson [1912-13], Jellinek [1900], Bodenstab 
[1925], Kilgore [1914], and more recently by Yoshino [1933], Kay 
and Gardner [1930], and Korns and Guinand [1933]. 

In a study of the reliability of measurement of blood-pressure 
determinations [Shock and Ogden, 1939], it has been found that in most 
normal persons a measurable difference exists between simultaneous 
measurements made on the two arms. The details of experimental 
procedure and examinations of some other aspects of the data have 
already been reported [Ogden and Shock, 1938; Shock and Ogden, 
1939]. 

Incidence and Magnitude of Difference. 

For each of 102 subjects the average values of blood-pressure 
for each arm were computed from 48 simultaneous pairs of measure- 
ments (16 by each of three observers working two at a time in rotation). 

Grateful acknowledgment is hereby made to the Board of Research of the 
California for financial assistance in the collection of data, and to 
the Works Progress Administration (O.P. 65-1-08-62 Unit A-8) for statistical and 
clerical assistance. 
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The frequency distribution of the differences between these average 
values is presented in fig. 1, which shows that the average difference 



DIFFERENCE {Rt^ht - UN) mm Nq 

Fio. 1- — ^Frequency distribution of mean diflerence between blood-pressure 
determinations made simultaneously on right and left arms in 102 adult males. 

— systolic pressure differences; ...... diastolic pressure differences. 

Vertical lines indicate mean of the distribution. (Systolic; 1'60±'36 mm. Hg; 
diastolic : -36 ± -18 mm. Hg.) 

(R— L) is l'60 + ‘36 mm. for systolic pressure and -SB + ’IS for diastolic 
pressure.^ The average value for right-arm measurements is higher in 
spite of one individual whose mean left-arm systolic pressure was 



to 


j-ro 2. Frequency distribution of mean absolute difference (without respect 

sienf between blood-pressure determinations made simultaneously on right 

^ left arms in 102 adult males. — systolic pressure differences; 

Vertical lines indicate mean of the 


and left arms in 
.... diasto''" 
distributions. 


r di^tolio pressure differences. wi v, 

(Systolic: 3-1 ±-23 mm. Hg; diastolic: 1-5 ±-13 mm. Hg.) 


12-5 mm. higher than his right. In fig. 2, which presents mean differ- 
ences without respect to sign, it may be seen that the absolute mean 
j Throughout this paper standard error is used rather than P.E. 
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difference in systolic pressure is 3-1 ±-23 mm. Hg and tliat 44 per cent, 
of the subjects show differences greater tlian the mean value. Even 
without the special facilities used in this study a difference greater 



Fio. 3. — Frequency difltribution of critical ratios of dificroncos between blood- 
pressure determinations made simultaneously on right and left arms in 102 adult 

males. critical ratios for systolic pressure diReronccs; critical 

ratios for diastolic pressure differences. Vortical lines indicate the mean of the 
distributions. (Systolic: 4‘0±‘0; diastolic: -9 ±*34.) 



Fig. 4. — Frequency distribution of critical ratios of absolute difference between 
blood-pressure determinations made simultaneously on right and left arms in 

102 adult males. critical ratios for systolic pressure differences; 

------ critical ratios for diastolic pressure differences. Vertical lines indicate 

the mean qf the distributions. (Systolic: 7-9 ±'6; diastolic: 2-9 ± -2.) 
Differences with critical ratios greater riian 2-5 (see arrow) will occur by chance 

only 6 times in 1000. 

than 3 mm. should be measurable. The mean difference w'ithout 
respect to sign for the diastolic pressure is 1-6 + -13 mm., which indicates 
a significant difference in the average. 

In order to test the significance of these differences in individual 
subjects a distribution of the differences between simultaneous riglit- 
and left-arm measurements (R — L) was drawn up for each of the 
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102 subjects. From these distributions of 48 differences the standard 
deviation of the mean difference and the standard deviation of the 
actual distribution were computed for each subject. The ratio between 
this mean difference and its standard error could be readily computed, 
giving a critical ratio for each subject.^ The frequency distributions 
of these 102 ratios are presented in figs. 3 and 4, which show that in 
83 per cent, of the subjects the critical ratio was greater than 2-5 for 
systolic pressure and greater than 2-5 in 52 per cent, of the subjects 
for diastolic pressure. Critical ratios as high as 38 Avere obtained in 
some subjects for systolic pressures if the direction of the difference 
is ignored. The average C.B. Avas 7-9 + -6 for differences in systolic 
pressures but only 2-9 ±-2 for differences in diastolic pressures. 

Stability of the Difference. 

That the difference does not consistently increase or decrease during 
an experiment is shoAAm in fig. 5. Each point on this graph is the mean 


t« 
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Pjij, 5 . ^Mean difference between systobc blood-presaure measurements made 

giroultaneously on two arms. The dotted Imes mdicate ± lor of the distribution 
of differences for 102 adult males. This figure shows the absence of any systematic 
rftintionshin between the serial positions of pairs of readings and their mean 
* ^ differences. See text, p. 159. 

value of one difference observation on each subject made at corre- 
sponding times during the experiment. Thus the first point is the 
verage difference observed on the first pair of simultaneous observa- 
t' ns on aU subjects; the second point is the average difference on all 
Subjects as observed 30 seconds later and so forth. Although the 
1 The results were checked by computing each critical ratio by the following 
formula as well:— jMnii-MnL 

C.R* — / — n '3 o ~ ” 
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observers were chmrgecl after each 8 readings, the changes in mean 
difference values at these times are statistically insignificant; moreover, 
observations made by the three observers of this experiment have been 
shown to bo without systematic difference [Shock and Ogdon, 1939]. 
The average blood-pressure valiies were steadily falling during the 
first half of the experiment [Ogden and Siiock, 1938], but the figure 
shows that this fall did not influence systematically the difference 
between the tv'o arms. That the difference is independent of the time 
within the experiment and therefore of the temporal decrement of 
blood-pressure already discussed [Ogden and Shock, 1938] is further 
shown by the fact that the mean difference during the first half of 
the experiment was 1'49 + ‘3G, and for the second 1-73 + •34, 

Although the mean difference for the group was stable during the 
experiment, it appeared that the mean difference for all observations 
made on one individual during half an hour was not stable from month 
to month. This instability appeared rvhen 40 of the subjects were 
retested after an interval of about a month. The correlations of the 
results of these two tests with respect to the differences of the mean 
measurements on>the two arms of each subject and to the critical ratios 
of the mean differences are presented in Table I. 


Table I. — Correlation op Right-Left Arm Differences on First 
AND Second Tests. 

N=40. 




Systolic. 

Diastolic. 

Mn. 


Mn. 

WBm 

iln. dig. R - L. | 

Test I. 

1-87 

0-309 

1-10 

0-146 


Test II. 

302 


0-96 


Critical ratio . | 

Test I. 

415 

0-316 

3-12 

0-148 


Test II. 

2-47 


0-68 



* =Pearsoruan product-moment correlation. 

The close similarity between the correlations obtained by these 
two methods (systolic r = 0-315 and r = 0-309) is interesting, and the 
values for the correlations indicate that although differences were 
0 served with approximately equal frequency in the two tests, the 
argest and most measurable differences were not shown by the same 
individuals in Test I. as in Test II. 

• ^ table was prepared (Table II.) separating those 

in mduals who never shoived a significant difference from those 
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■whose arms differed in Test I. only, in Test II. only, and in both 
tests. 

Table II. — ^Per Cent, op Subjects showing Significant Right-Left 
Arm Differences when Retested. 


N =40. (Critical ratio of difference greater than 2'5.) 



Sj'stolic. 

Diastolic. 

N. 

Per cent. 

N. 

Per cent. 

Test I. . 

28 

70* 

11 

27 

Test II. . 

29 

72 


17-5 

Test I. or II. or both 

36 

95 

mM 

37-5 

Both Test I. and Test II. 

16 

40 


5 

Neither Test I. nor Test II. 

2 

6 

H 

12-5 


* When computed for the 102 subjects taking the test for the first time, the 
proportion sho'sving a significant difference was 83 per cent. 


This table shows that, whereas there are only 40 per cent, of the 
subjects in whom the difference in systolic pressure appears in both 
tests and therefore might be due to a permanent anatomical character- 
istic, in 55 per cent, of them the phenomenon is liable, appearing only 
once in two tests; in only 5 per cent, (two cases) was there no significant 
difference in either of the two tests. It is apparent also that in any 
subject a significant difference is more commonly found in systolic 
pressure measurements than in diastolic. 

Within the limitation imposed by a small group and only two 
experiments, we may conclude that it is very unusual to find someone 
whose systolic blood-pressure readings on the Wo sides never differ 
from each other. 

Discussion. 

The common liabilitj'^ of the arm-to-arm differences revealed by 
these tests suggests that their major cause be sought in functional 
rather than anatomical peculiarities. 

It is possible that the failure of the differences in blood-pressures 
f the two arms to distribute themselves about zero (mean systolic 
difference R-L = l-60±-36 mm. Hg) may be an indication of the 
' cted hj'drostatic pressure drop along the aorta between the origins 
^f the blood supply to the Wo arms. The larger differences, however, 

Vh are characteristically neither stable nor favouring one arm, are 

, i.„ v,e due to changes in the physical properties of the tissues 
more ukciy ld u 
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in the arm being measured. Thus an increase in rigidity or decrease 
in viscosity in the arm might very well allow a imlsation to become 
audible, the energy of whose sound might otherwise be dissipated. 
Such changes might be of vasomotor, muscular, or ccdematous origin. 
The more obvious physiological methods for altering conditions in the 
two arms differentially have been repeatedly nsed [Hoover, 1910; 
Margaria, 1926, 1927; Mennyey, 1928; Yoshino, 1933] without a con- 
sistently predictable change in blood-pressure readings. Por instance, 
Yoshino [1933]' reports a lowering of blood-pressure in the exercised 
arm following unilateral arm exercise, but Margaria [1926, 1927] 
reports a marked rise in the exercised arm. Similar contradictions in 
results appear when temperature changes are used to induce differential 
vasomotor alterations in the two arms, iilennyejj^ [1928] reported a rise 
in blood-pressure in the arm subjected to temperature rise; Hoover 
[1910] reported a rise in pressure in the arm subjected to cold. Such 
inconsistencies leave the field open to the speculation that such changes 
may so commonly be produced psychogenically as to mask experimental 
attempts to show them, except by the statistical analysis of a large 
number of physiological experiments in which a serious attempt had 
been made to randomise or exclude the possible psychological causes 
of the change. Within our knowledge such a series has not yet been 
published. 

Summary. 

Seventy per cent, of a group of normal young adult males showed 
a significant difference between blood-pressure measurements made 
simultaneously on the two arms. The distribution of the magnitude 
of these differences is presented. 

The same proportion of significant differences was found in 40 of 
the subjects when retested. The correlation between the magnitude 
of the differences for each individual in the two tests was low, indicating 
that the cause of the difference in blood-pressure can rarely be a fixed 
structural characteristic of the individual. 

Since these differences are not easily reproducible by variation of 
standard physiological conditions, it is suggested that they may be of 
psychogenic origin. 
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whose arms differed in Test I. only, in Test II. only, and in both 
tests. 

Table II. — Per Cent, or Subjects showing Significant Right-Left 
Arm Differences when Retested. 


N =40. (Critical ratio of difference greater than 2-5.) 



Systolic. 

Diastolic. 

N. 

Per cent. 

N. 

Per cent. 

Test I. . 

28 

70* 

11 

27 

Test n. . 

29 

72 

7 

17-6 

Test I. or II. or both 

36 

95 

15 

37-5 

Both Test I. and Test II. 

16 

40 

2 

5 

Neither Test I. nor Test II. 

2 

5 

5 

12-5 


* When computed for the 102 subjects taking the test for the first time, the 
proportion showing a significant difference was 83 per cent. 


This table shows that, whereas there are only 40 per cent, of the 
subjects in whom the difference in systolic pressure appears in both 
tests and therefore might be due to a permanent anatomical character- 
istic, in 55 per cent, of them the phenomenon is liable, appearing only 
once in two tests ; in only 5 per cent, (two cases) was there no significant 
difference in either of the two tests. It is apparent also that in any 
subject a significant difference is more commonly^ found in systolic 
pressure measurements than in diastolic. 

Within the limitation imposed by a small group and only two 
experiments, we maj^ conclude that it is very unusual to find someone 
whose systolic blood-pressure readings on the two sides never differ 
from each other. 

Discussion. 

The common liability’^ of the arm-to-arm differences revealed by 
these tests suggests that their major cause be sought in functional 
rather than anatomical peculiarities. 

It is possible that the failure of the differences in blood-pressures 
of the two arms to distribute themselves about zero (mean systolic 
difference R-L = l-60±-36 mm. Hg) may be an indication of the 
ted hy^drostatic pressure drop along the aorta between the origins 
^f the blood supply to the two arms. The larger differences, however, 
° 1 jch are characteristically neither stable nor favouring one arm, are 
rkely to be due to changes in tlie physical properties of the tissues 
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Introduction. 

The annual shedding of the plumage followed by the growth of a new 
feather covering in birds is a problem of considerable interest, not only 
to the physiologist, but one which, because of the coincident depression 
in sexual activity in the domestic hen at this period, bears directly on 
economic aspects of poultry breeding. 

From a series of observations on the moult in Brown Leghorn males, 
females and castrated males it was suggested by one of us [Greenwood, 
1936] that the sex glands, although directly implicated, cannot be 
considered as causal factors in determining the occurrence of the 
phenomenon since in caponised males a definite and characteristic 
moult takes place in April, although the casting and renewing of the 
feathers continues until the autumn. 

There is considerable disagreement amongst various workers on this 
question of the moult in the capon, and these views have been summar- 
ised by Benoit [1929]. “The capon does not exhibit the periodic 
annual moult, but, so to speak, a continual moult. The feathers con- 
tinue to grow during the whole year, and at any one time one can see, 
in the different feather regions, new feathers forming. On this point 
I am in accord with Finlay [1925], but in disagreement with Pezard 
[1918] and Zawadowsky [1922], Pezard finds no difference between 
the capon and the normal cock in regard to the moult. For Zawa- 
dowsky capons moult twice a year: in autumn (normal moult), and 
in January-February. I, for my part, have never noticed any true 
or characteristic moult in the numerous castrates that I have had 
occasion to follow for several years; I have always observed that 
young feathers did not cease to grow and form throughout the whole 
year.” ^ 

From this summary of views it will be seen that the accurate deter- 
mination of the course of feather shedding in the capon stiU awaits 

^ Translation from the original French. 
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In addition, for comparison with the normal behaviour of intact 
birds, both males and females, a series of observations wore recorded over 
a 20-week period from the 29/1/39 to 17/6/39 on 2 hens and 2 cocks. 


Results. 

The Brown Leghorn male is a parti-coloured bird in which regional 
differentiation of feathers, both in regard to structure as well as colour, 
is well marked. The various feather types and their distribution on 
the body of the bird have beeir adequately described and illustrated by 
Chu [1938], and his classification has been adopted in this study. 
Although the regionalisation is clearly differentiated on the bird, a 
certain difficulty arose in classifying the cast feathers due to the close 
similarity between certain types from different regions and for this 
reason feathers are grouped according to colour and structure as follows : 


Group 


'Wing Bow. 
Cape. 

!.•! Shoulder. 
Saddle. 

.Tail Coverts. 


Group 

Group 


2 . 

3. 


/ Sickles. 

[Tail. 

/ Wing Primaries, 
[Wing Secondaries. 


Group 4. Fluff. 


I Under Tail. 
Group 5.1 Thigh. 

[Breast. 


(Hallux. 

Group 6.1 Primary Coverts. 
[Wing Coverts. 



Throat. 

Heck Hackle. 


Group 8. 1 


Under Wing. 
Leg. 

Wing Front. 
Wing Contour. 


The number of feathers shed by the experimental capons in a full 
year corresponded roughly with the number of feathers obtained from 
the bodies of the 2 control birds (Table I.). From this it follows that 
if annual feather replacement affects all foUioles then the majority of 
feathers are shed only once during the year. 
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solution, and an attempt lias been made therefore to obtain a quantitative 
measure of the mode and rate of moulting in these birds over a period 
of a complete year. 


IMaterial and Method. 

For this investigation 3 adult Brown Leghorn males, castrated when 
less than 7 weeks old, were used. Previous to the experiment they had 
been kept intensively for some months in a battery unit of wire cages, 
and during the whole of this period they remained in excellent health. 
The three cages were adjacent and conditions of light and temperature, 
as well as feeding and general management, w’ere essentially simOar for 
all birds. Food and water dishes were affixed to the outside of the 
cages so that it was never necessary to handle the birds during the 
course of the experiment. Two of the capons were hatched in the 
spring of 1935 and the remaining one on 1st June 1936. 

The cast feathers were collected from the wdre-mesh floors of the 
cages and the trays beneath them at frequent intervals. Observations 
were commenced on 12th October 1937 and continued until 10th 
October 1938. In order to minimise the chances of accidental loss the 
feathers were collected every morning when possible. During the 
summer of 1938 collection vvas unavoidably less regular, and it is possible 
that some loss of feathers occurred during this period, although it is 
doubtful if such losses were of sufficient magnitude to affect the general 

results. j + a 

From experience it has been found that fowls strictly confined teno 
to exhibit depraved appetites in spite of the provision of adequate, 
nutritional requirements. This depravity takes the form of feather 
eating and may occur either as a result of direct cannabalisro when 
feathers are plucked out and eaten, or by the ingestion of feathers from 
the floor of the pen or cage. In the latter event the habit is confined to 
growing feathers prematurely cast and wffiich have a vascular base; 
eating of mature feathers has not been observed to occur to any appreci- 
able extent, and therefore this cannot be considered to be a potential 
source of loss in the investigation. 

It is suspected that the very small feathers found in the head and 
throat region may have been underestimated owing to the probability 
that some of these were intimately mixed with the considerable amounts 
of fecal matter in the tra5^s. 

In order to obtain a quantitative determination of the rate of feather 
drl'ns it was necessary to estimate the total number of feathers in 
\ mage. This was done by killing 2 control capons in the month 
f Tsf niber (a time wffiich will be seen subsequently to exhibit a low 
prt^ortiOT of cast feathers), and then removing, classifying and counting 

the feathers. 
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a significant reduction in number until the end of the scries of observa- 
tions. These figures indicate that a woll-marlccd spring moxilt can be 
observed in capons if an intensification of the rate of feather loss be 
adopted as a criterion of moulting. In the particular sense tliat, since 
the birds are losing feathers continuou.sly throughout the year and 
therefore exhibit a persistent moult, tlie findings of Benoit are valid, 
but, superimposed on this is a very definite seasonal change in rhythm 
not implied in his statement, a phenomenon of considerable importance 
since it leads to the assumption previouslj’^ made by Greenwood of the 
probability of capons exhibiting a characteristic moulting time in the 
absence of sex glands. 


Taot-e II. 

Aveuage JIonthly PEncENTAGE OF Totae PEATiTEns Cast. 


4-week 

periods. 

Per cent, 
of total. 

Per cent, in discrete fentlior groupings. 

1. 

2. 

3. 

4. 

6 . 

6. 

B 

8. 

12/10-7/11 

2-7 

0-7 

8-5 

3-0 

2-1 

0-3 

1-3 

5-1 

0-6 

8/11-6/12 

3-1 

1-6 

6-7 

1-7 

1-7 


3-5 

6-5 

0-7 

6/12-2/1 

2-3 

0-7 

11-6 

1-7 


?2 

1-3 

5-1 

M 

3/1-31/1 

3-1 

0-6 

11-6 

6-5 

1-6 

0-2 

2-0 

C-6 

1-2 

1/2-28/2 

3-2 

1-2 

3-3 

30 

2-3 

1-0 

1-3 

6-4 

2-7 

1/3-28/3 

8-0 

4-8 

6-7 

G-5 

Km 

1-3 

0-5 

10-4 

4-0 

29/3-25/4 

10-1 

11-4 

1-7 

6-5 

11-2 

1-9 

17-4 

9-9 

8-5 

26/4-23/5 

10-3 

34-1 

5-0 

16-3 

7-4 

1-7 

14-8 

BBS 

17-0 

24/5-20/6 

20'4 

22-7 

11-6 

22-8 


27-9 

27-0 


40-2 

21/6-18/7 

18-3 

9-1 

11-0 

14-7 

24-7 

30-8 

13-5 

14-6 

15-1 

19/7-15/8 

8-8 

5-8 

6-7 

9-3 

10-5 

19-2 

3-9 

8-3 

4-3 

16/8-12/9 

4-8 

4-1 


4-0 

41 

8-5 

1-7 

6-6 

2-2 

13/9-10/10 

4-9 

3-2 

15-0 

4-0 

3-7 

7-0 

5-2 

7-5 

2-4 

Average No. 
of feathers 
per bird: 

7138 

875 

20 

57 

2634 

298 

77 

2362 

825 


It is to be expected that, as in the hen, there will be a range of 
variation in the time at which the individual capons exhibit their 
maximum feather loss. (The onset of the moult in the female is readily- 
determined since, in the majority of birds at least, there is a coincident 
cessation of egg production. In the male no such indicator of the moult 
exists and its onset must be determined by direct observation.) Two 
of the capons behaved similarly with their maximum amount of feather 
shedding in the 9th period, while the 3rd bird showed marked intensity 
in discarding feathers in the 7th period (29/3-25/4). There is thus some 
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Table I. 


Feather 

Groups. 

Experimental capons. 

Number of feathers shed. 

< 

Control capons. 
Number of feathers on body. 

No. 1. 

No. 2. 

No. 3. 

Average, 

No. 1. 

No. 2. 

Average. 

1 

930 

942 

748 

875 

857 

860 

853 

2 

13 

35 

11 


18 

14 

16 

3 

64 

61 

46 

57 

60 

58 

59 

4 

2260 

2729 

2914 

2634 

2069 

2403 

2236 

5 

273 

369 

253 

298 

501 

648 

525 

6 

63. 

90 

77 

77 

84 

78 

81 

7 

2515 

2365 

2180 

2352 

1501 

1765 

1633 

8 

649 

944 

883 

825 

1266 

1534 

1400 

Totals 

0773 

7526 

7118 

7138 

6356 

7250 

6803 











Closer examination of the figures for the different feather groups 
shows that the number in 5 and 8 in each of the experimental birds js 
lower than would have been expected, while the number in Group “1 is 
considerably larger than that derived from the control birds. It is not 
considered that this represents a difference in the extent of the moult in 
the first two groups, hut rather that the effect may have been produced 
by the inclusion of many feathers from these in with Group 4 since 
many of them from these regions are structurally very similar to fluff 


feathers. 

The only other well-marked deviation in number between the two 
sets of birds is shown by-Group 7. The significance of this will he dealt 
with later, but it can be noted at this point that this region possesses 
the smallest feathers to he found on the body of the bird (the head area), 
and it is therefore reasonably certain that many of the cast feathers- 
have been lost and the apparent difference in feather number should 
actually be much greater than that recorded. 

Having determined that the total number of feathers cast by capons 
during the course of a year approximates to the estimated number 
comprising the plumage, the rate of moulting may now be examined 
from the relevant data given in Table II. 

Trom the data it is clear, if monthly totals averaged from the 3 
b' ds are considered, that from the beginning of the observations in 
o\ her up to the end of February the rate of casting feathers was the 
° -sdz approximately 3 per cent, of the total annual number were 
^w’in each of* the first 5 time groupings. From the beginning of 
1 i f,wpver the percentage of shed feathers increases rapidly until 
March, ^-eached in the 9th period (24/5-20/6); this is followed by 

a maxiiuuiu 
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deepty on the underlying causes of this variable behaviour in the different 
body regions, but it is suggestive perhaps that the feathers of the breast, 
indicating by their structure and colour a hypersensitivity to thyroid 
stimulation [Greenwood and Blj’th, 1920], should remain relatively 
unaffected in the inter-raoult period while those of the neck region, 
typical hypothyroidic feathers, should respond continuously to the 
forces controlling moulting of the plumage. 

In order to obtain a comparison of normal adult birds with capons, 
2 males and 2 females were similarly confined in battery cages and the 
cast feathers collected over a period of 20 weeks, commencing on 
the 29th January and ending on the 17th June. A summary of the 
findings is given in Table III. 

Table III. — Compakison of the Avehage Nusibeh or Feathehs Shed bv 
ISoBMAL Males (2), Mohmal Females (2), and Casthated Males (3), jn 
A 20-week Pehiod. 


' 

Feather group. 

Average number of feathers lost. 

Moles. 

■ 

m 

1 

2-5 

11-5 

C49-3 

2 

10 


5-7 

3 

, * 

0-5 

31-3 

4 

130 

107-0 

1334-0 

6 

2-5 

18-5 

100-7 

6 

, , 

1-5 

51-3 

7 

1-5 

45-5 

940-0 

8 

1-6 

11-0 

587-0 

Total average 




No. per bird 

220 

195-5 

3709-3 

Estimated 
percentage of 
plumage 
(6803 feathers) 

0-32 

2-87 

54-52 

i 


The normal male and female obviously behave ver}' differently from 
castrated males. In the period the birds were under observation the 
males have lost comparatively few feathers, while the females, though 
somewhat higher numbers were recorded, yet show a loss for the 20 
•weeks comparable with a single 4-week period only during the season 
of minimum feather casting in capons. It is strildng that while feather 
losses from the intact birds were so small, the capons lost more than 

per cent, of their feathers in the same period of time. 

^ OL. XXX:.,.,NO. 2,-1940. 

' .t \ 


12 
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indication that all capons would not behave similarly and that tht 

? but suggests the operation of an inherent rhythm. 

Jirom iable II. it may also be seen that the intensity of the inouli 

wTvT body, and effecTha! 

been graphically recorded in fig. 1 . 



Year (12th October-lOth October) in 4-week periods. 


caSns.^’ B?oV^lTne"£dl^£1p“Soretioar con^^^^ 

constant rato of moulting. 


Because of the relatively smaU numbers of feathers in the flights only 
the regions composed of contour feathers have been utilised The 
graph shows that there are 3 types of regional moult. In Group 7 
(head and neck hackle) there is a continuous shedding of feathers at a 
comparatively high rate throughout every period of the year, with one 
exception, the 8th. Of all regions this behaves most like that character- 
ising a hypothetical continual moult (broken line in graph), and 
approaches Benoit’s conception of the moult in castrates. The absence 
of feather shedding to any appreciable extent in the Sth period (shown 
by all 3 birds) is the only evidence found in support of Zawadowsky’s 
hypothesis that such birds moult twice a year. That the neck region 
is particularly susceptible to moulting is the common experience of all 
poultry-keepers, and such a phenomenon is not to be confused with the 
true moult affecting all regions of the plumage. 

The region of the body reproducing most clearly the moult as it 
apparently affects intact birds is the breast (Group 5). Few feathers 
are shed until the 9th period when a vigorous casting of feathers is 
observed. The remaining regions (Groups 1, 4, 6, 8) show an inter- 
mediate type of behaviour between those pre^dously referred to. 

From the limited data available it would be unwise to speculate too 
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[Hill, Corkliill and Parkes, 1924], but while the primary factor here 
may be the removal of the pituitary gland it is significant that the new 
feathers subsequently growing in indicated by their colour and structure 
a marked inactivity of the thyroid glands. 
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Sttmmaey and Conclusions. 


From the observations that have been recorded here on the shedding 
of feathers from the plumage of fowls it can be concluded that capons 
do not behave in the same way as normal males and females. They 
exhibit a tendency, to an appreciable extent, to cast feathers in the 
vdnter period, a season of the y^ear Avhen normal birds retain their 
feathering. 

With the onset of spring an intensification of the moulting process 
sets in and feather loss reaches its maximum in the May-June period, 
and this may be taken as the appearance of a true moult in such birds. 
Females, on the other hand, characteristically enter the moult much 
later in the year — autumn and early rvinter — as determined by' the cessa- 
tion of egg production and coincident casting of feathers. In normal 
males, although no accurate determination of moulting phenomena 
has so far been made, casual observations over a number of years 
suggest that they' tend to moult at a time intermediate between that 
shown by' castrates and females respectively'. 

The data discussed lend support to the hy'pothesis previously put 
forward by Greenwood that in the fowl reproductive activity inhibits 
the onset of the moult, and only' when this activity ceases, or continues 
at a- lower level, can the casting and renewdng of feathers occur. 

The investigation failed to provide evidence in support of the con- 
clusion of Benoit [1929] that the capon does not exhibit a true annual 
moult, although agreement is reached with him on the point that 
feathers continue to grow and are replaced tliroughout the whole year. 
The contention of Pezard [1918] that capons behave as normal males 
received no confirmation, and the view of Zawadowsky [1922] that 
castrated males moult twice a y'ear w'as not borne out, neither by 
reference to the total number of feathers shed by' these birds in the 
course of a full year nor by the rate of feather shedding. His explana- 
tion of the phenomena would only be valid if confusion had arisen with 
regard to the moult as it affected one particular region only', the neck, 
an area w'hich, even in normal birds, may exhibit a double moult 


^ A further point of interest which was brought out in this study is 
the appearance of distinct and characteristic rhythms in feather casting 
• various regions of the plumage. It has been suggested tentatively 
tFat an explanation of this may be found by attributing to the expression 
causal relationship the known sensitivity of certain feather types to 
1 ^ ’d stimulation vith the variable character of the moult as it affects 
thyroi Among many workers Giacomini [1924] arid Zawa- 

certam ^ shown that a generalised moult may be obtained 

dowshy L ,. ^ single dose of thyroid substance. Moulting 

in bmds ^ follows as a direct result of hypophysectomy in birds 
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RESPECT TO ERGONOVINE AND ERGOTAMINE. By 
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Department of Pharmacologj’’ of tlie University of Chicago. 

{Received for publication ist Sepiemher 1930.) 

Ikteoobction. 

The relatively few pharmacological studies on the domestic fowl {Oallus 
domesticus) stand in marked contrast vdth the numerous physiological 
and nutritional studies which have been reported. Of historical interest 
are the experiments of Paracelsus [1658] on the hypnotic effects of 
ether on chickens. In more recent times Sharpe [1912-13] studied the 
secretion of urine in hens and found that they responded to the common 
diuretics in a manner similar to the more conventional laboratory 
animals. He experienced some difficulty in measuring avian blood- 
pressure. Hogben and Schlapp [1924], Hogben [1925], and Gaddum 
[1928] investigated the depressor response obtained with pituitary 
extracts in the fowl. Later it was shown by Morash and Gibbs [1929] 
that this action was a property of the oxytoxic fraction. Coon [1939] 
has proposed the use of this depressor response as a method of assaying 
the oxytoxic activity of posterior lobe extracts. Gibbs [1926, 1928,' 
1929] in his report on the action of various drugs on circulation in the 
chicken includes the information that ergotamine will give a prolonged 
rise in blood-pressure in this animal and in some instances an epinephrine 
reversal. He measured blood-pressure from the “popliteal’' artery and 
rarely experienced difficulties. 

Several workers have been concerned with the action of drugs on 
various isolated organs of the domestic fowl. These include Morash 
and Gibbs [1929] on the intestine, McKenney, Essex, and Mann [1932] 
on the oviduct, and Coon [1939] on the heart. 

A few of the present bioassay methods use chickens. Among those 
which might be mentioned are chicks for antirachitic substances and 
gonadotropic and thyrotropic hormones, roosters for official ergot 
preparations, and capons for the male sex hormones. 

The infrequency with which the fowl has been used is surprising 
when one considers the many advantages which it possesses over other 
laboratory animals. Conspicuous among these are its availability the 
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at any time. Artificial respiration when needed was administered by 
a Palmer pump. Tlio blood-pressure was recorded by means of a 
mercury manometer connected to the ischiadic artery, and injections 
were made directly into the crural vein. A description of the technique 
employed is given by Coon [1939]. 

Ergonovine elicited a pressor response in thirty-seven of the chickens. 
A significant rise was obtained with amounts as low as 0-004 mg. (fig. 1), 
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!■ — 16.12.38. White Leghorn cock, wt. 2-18 kg. Phenobarbital-Na 200 mg./kg. 
l.M. Vagi cut. 38-V-B. 

Blood.pressure response to a mimraal dose of ergonovine. 

and definite suggestions of a rise were obtained with only one-half the 
amount.^ This quantity is considerably less than that reported necessary 
(O-l-l-O mg.) to obtain blood-pressure changes in cats, dogs, or rabbits. 
When given to the fowl 0- 1 mg. of ergonovine usually caused an elevation 
in pressure of some 30 mm. Equal doses of ergonovine and ergotamine 
produced approximately equal rises in blood-pressure, except in one or 
two cases in which the response to ergotamine was nearly twice that of 
ergonovine. This rise was quite prompt, occurring 10 or 15 seconds 

^ All quantities have been expressed in terms of total dose, not dose per 
kilogram. 
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year round at moderate cost, its docility, its modest housing require- 
ments, and finally its meagre emotional appeal to persons opposing 
vivisection. The most serious criticism which can be directed against 
the fowl is its distance from man on the phylogenetic scale, so that 
information obtained on it may not be assumed to apply to human 
biology. liowever, any animal experimentation is open to similar 
objection to a greater or lesser degree. 

The present study of ergonovine and ergotamine on the fowl (White 
Leghorn) was undertaken both to add to the information concerning 
these alkaloids and to re-emphasise the practicability of utilising this 
somewhat neglected animal. No reports comparing the effects of these 
drugs on chickens have been found other than those dealing vith toxic 
manifestations [Brown and Dale, 1935] and comb darkening [Brown 
and Dale, 1935; Thompson, 1935]. 

Materials Employed. 

The alkaloids employed were the maleate and tartrate of ergonovine, 
namely “Ergotrate” (Lilly) and “Basergin” (Sandoz), and the tartrate 
and methanesulphonate of ergotamine.^ Since no differences in the 
biological response to the first twm salts were found, the term “ergono- 
vine ” is used in this paper to refer to either the maleate or tartrate of 
the alkaloid. The term “ergotamine” is used instead of ergotamine 
tartrate for the sake of simplicity. Usually solutions were prepared 
from the solid material in quantities sufficient for two or three days’ use. 
These were stored in a refrigerator. The solvent was 0-9 per cent, 
sodium chloride solution. In some instances sterile ampules of the 
alkaloids w'ere employed. The ergotamine tartrate used in many of 
the experiments wms a stock solution of “Gynergen.” In no case could 
any variation in response be attributed to the type of solution in w'hich 
the various alkaloids were administered. The pH of the ergonovine 
solutions was about 5-6, wdiile that of the ergotamine tartrate solutions 
■was about 3-4. Control injections included physiological saline, sodium 
tartrate, and tartaric acid. 


Blood-pressurb Studies. 

Thirty-five of the forty birds used in this part of the work were 
roosters since they appeared to have a more uniform blood-pressure 
than hens Sex, ho-^vever, did not appear to be a determining factor 
-'th regard to the hemadynamics of ergonovine and ergotamine. 
Sodium phenobarbital, 200 mg. per Idlogram intramuscularly, was used 
■ U but one experiment. In this isolated instance a local anaesthetic 
("^ ^caine) was used. No supplementary anaesthetic agent -nms required 

, „.,o ciinnlv of these materials ackno-wledgment is made to the 

1 For the generous suppp Chemical Works. 

Eli Lilly Besearch Laboratory ai 
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at any time. Artificial respiration when needed was administered by 
a Palmer pump. The blood-pressure was recorded by means of a 
niercur 5 ' manometer connected to the ischiadic artery, and injections 
were made directly into the crural vein. A dc.scription of the technique 
employed is given by Coon [193h]. 

Ergonovine elicited a pressor response in thirty -seven of the chickens, 
A significant rise was obtained with amounts as low as 0‘004 mg, (fig. 1), 
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Fiq. 1. — 18.12,38. White Leghorn cock, wt. 2-18 kg. Phenobarhital-Na 200 mg./kg. 
I.M. Vagi cut, 38-V-R. 

Blood-pressure response to a ■minimal dose of ergonovine. 

and definite suggestions of a rise were obtained with only one-half the 
amount.^ This quantity is considerably less than that reported necessary 
(O'l-l’O mg.) to obtain blood-pressure changes in cats, dogs, or rabbits. 
When given to the fowl OT mg. of ergonovine usually caused an elevation 
in pressure of some 30 mm. Equal doses of ergonovine and ergotamine 
produced approximately equal rises in blood-pressure, except in one or 
two cases in tvhich the response to ergotamine was nearly twice that of 
ergonovine. This rise was quite prompt, occurring 10 or 15 seconds 

‘ All quantities have been expressed in terms of total dose, not dose per 
kilogram. 
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following injection. In preparations in a state of shock the interval 
between injection and response was slightly longer, due presumably to 
sluggish circulation. In general the pressor effect of ergonovine vas 
much more evanescent than that of ergotamine (fig. 2). This observa- 
tion parallels that of the comb-darkening action of the ergot alkaloids, 
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Fig. 2. — 16.12.38. VlTute Leghorn cock, wt. 2-0 kg. Phenobarbital-Na 200 mg./kg- 

I.M. 38-V-R. 

A comparison of the pressor responses to ergonovine and ergotamine. 


in which ergonovine has been reported to produce a prompter but more 
temporary darkening than ergotamine. 

In three of the birds a fall in blood-pressure was observed with 
ergonovine although ergotamine elicited a rise (fig. 3). Another salt of 
ergonovine, the hydracrylate, and the free base itself in the form of 
“Ergometrine,” also depressed the blood-pressure in these roosters. 
These three roosters did not appear abnormal and presented no 
peculiarities in their response to other drugs. 

^ That the pressor effect obtained with ergonovine in the majority 
f cases was not an artifact of general anaesthesia was indicated by the 
° Its in the chicken when 0-1 per cent, procaine-hydrochloride in- 
fiUration anaesthesia was employed. Both alkaloids in the usual dosage 
■ ed the pressure in a manner similar to that in fowls under 
range oTimsthesia Vagotomy did not alter the pressor response 

of atropine (9 mg.) also left .his response 
in the c^^c ' pressure was slightly less in the decapitate 
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fowl, and a response was obtained even after pithing the cord. These 
experiments indicate that while most of the action is peripheral the 
central nervous system is responsible for at least part of it. 
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Pto. 3. — 9.1.30. White Leghorn cock, wf . LVC kg. Plienobarbital-Na 200 mg./kg. 

I.M. 44-V-R. 

Fall in blood-pressure following orgonovine. 
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Fio. 4. — 29.10.38. IVhite Leghorn hen, wt. 1-9 kg. Phenobarbital-Na 200 mg./kg. 

I.M. 5-V-R. 

Pressor responses to varying doses of orgonovine. 


With doses of ergonovine less than 0-1 mg. a fair correlation was 
found between the pressor response and the amount of the material 
injected (fig. 4). This fact in conjunction with the greater sensitivity of 
the chicken suggests its use as a means of checking the potency of 
solutions known to contain ergonovine. 
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Some variability in response to ergono-\dne was observed in this 
series other than the fall in blood-pressure noted in three cases. 
Although the pressure usually returned to its previous level quite 
promptly (3-6 minutes) following an injection of about 0-05 mg. 
of ergonovine, in some chickens the return was gradual, lasting from 
8 to 12 minutes. In a few others the return was prompt, but vas 
followed by a secondary rise which lasted about 5 or 6 minutes 
and was usually less than half the primary rise. In two instances 
injections of ergono^^ne following ergotamine elicited a weaker response 
than an equal dose given just before. On one occasion the injection 
of ergonovine following ergotamine produced a fall in blood-pressure, 
whereas this chicken gave pressor responses at other times during the 
experiment. 

In the phenobarbitalised chicken a rise in blood-pressure followed 
doses of epinephrine-hydrochloride as small as 0'2 pg., and the responses 
were fairly proportional to the amount of the drug given. In no case 
was it possible to obtain an epinephrine reversal folloAving ergonovine, 
but an inhibition of the epinephrine response foUowdng ergonovine in 
amounts from 10 to 20 mg. -was frequently observed. In some instances 
the response was nil, and in others it was definitely less than the epine- 
phrine response preceding the ergonovine. After a recovery period of 
about 20 minutes the response to epinephrine was usually of about 
the same magnitude as before ergonovine. These observations parallel 
those of Brown and Dale [1935], who found that following large amounts 
of ergometrine (ergonovine) the pressor response of the spinal cat to 
epinephrine w'as much reduced but not reversed. 

In the fowl epinephrine followdng ergotamine produced less of a rise 
in pressure than when given before, but in no instance ■was a reversal 
obtained. It is possible that the mild atropine-like action of pheno- 
barbital ■urns in part responsible for the absence of reversal following 
ergotamine [Her-wick, Linegar, and Koppanyi, 1939]. The familiar 
cocaine sensitisation to epinephrine was readilj’- demonstrated in the 


chicken. _ 

Besides the circulatory changes m these anaesthetised fo-uds, ergono- 
vine and ergotamine in doses as small as 0-01 mg. produced momentary 
respiratory depression. This was characterised by shallower breathing 
and a decrease in rate. Occasionally the depression wms followed by a 
brief period of tachypnoea. The respiratory depression appears to be a 
primary effect of these drugs and not a result of reflexes caused by 
1 ted blood-pressure, for the inhibition of respiration occurred even 
1 n ergoncvine produced a depressor response. Quantities of the 
sufficient to inhibit the response to epinephrine usually caused 
drugs In such instances artificial respiration was employed, 

respira ory „fpp„fg of ergonovine on the fowl are substantially the 
Ime'Tttse for%therised cats [Davis. Adair. Chen.'^and 
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Swanson, 1935], in Avhicli doses of 5 to 30 mg. greatly suppressed the 
rate and amplitude and caused cyanosis and circulatory depression 
which were relieved by artificial resjnration. 

. Electrocardiograpiito Stuoies. 

In order to demonstrate possible effects of ergonovine and ergotaraine 
on the conducting mechanism of the heart, electrocardiograms were 
taken on phenobarbitalised chickens. Lead III was used in most cases. 
The electrodes were attached to the biceps region of each wing and to 
the tibial region of the left leg. 

An injection of 0-05 mg. of ergonovine in one instance reduced the 
heart-rate from 188 to 162 beats per minute but did not otherwise alter 
the characteristics of the electrocardiogram. In another chicken the 
same amount changed the rate from 161 to 132 beats per minute. After 
decapitation the rate was only reduced from 172 to 164 beats per minute 
by 0-1 mg. of ergonovine. Following pithing of the cord this quantity 
increased the rate slightly. Ergotamine, 0-05 mg., decreased the heart- 
rate from 171 to 145 beats per minute. Following decapitation there 
was practically no change in rate with this dose. The electrocardiogram 
showed no changes other than that of rate. A large dose of ergonovine, 

5 mg. per kg., slowed the heart and flattened tlie T-wave slightly. 
There were no other changes. Ergotamine in the same dose also slowed 
the heart, but in addition caused the T-wave to become diphasic. The 
P-E interval and QES complex were not altered. 

Pitocin, pitressin, epinephrine, neosynephrin, benzedrine, and 
ephedrine in amounts which produced moderate changes in blood- 
pressure had no effect on the electrocardiogram aside from minor 
changes in the heart-rate. 

Experiments oh Isolated Organs. 

Heart. 

Certain peculiarities in avian anatomy and physiology had to be 
considered in working with the isolated heart. In the first place the 
large sternum hinders one in getting at the heart. Additional delay is 
caused by two large branches which leave the aorta very close to the 
heart and which have to be ligated before perfusion can be started. 
The asphyxia resulting from these delays is often sufficient to 
produce irreversible damage. It Avas found that exposing the heart 
under either general ansesthesia with sodium-phenobarbital, or local 
anffisthesia with 5-10 c.c. of 0-1 per cent, procaine -hydro chloride, 
facilitated removal and produced a much more satisfactory preparation 
than could be obtained from chickens rendered unconscious by breaking 
the neck. The Ringer-Locke perfusion fluid was adapted to the physio- 
logy of the chicken by increasing its osmotic pressure (Nad 0-95 per 
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cent.) and temperature (42° C.). The coronarj’^ flow in the isolated 
chicken heart was found to be two or three times that of the rabbit 
or cat and consequently exceeded the capacity of conventional drop 
recorders. An apparatus Avas designed Avhich Avould handle this large 
volume and yet respond to fleeting changes in flow Avhich are obscured 
by a bucket-type recorder. This device consisted of a stopcock which 
diverted a constant portion of the flow and permitted the remainder to 
fall as drops and actuate an electric recorder. These drops, together 
with the contractions of the heart, Avere recorded on a kj'mograph. 

Hearts prepared in this manner and perfused at a pressure of 
60 cm. beat vigorously from 1 to 4^- hours, permitting the studj' 
of the effects of drugs added to the perfusion fluid just before it 
entered the coronaries. They did not, hoAA'Cver, beat as long or as 
uniformly as cat and rabbit hearts AAdiich were used for comparison. 

The most striking effect of ergonovine and ergotamine was found 
to be on the coronary floAv. In every one of the 15 chicken hearts 
studied the first dose of either drug caused a marked reduction in flow. 
In the case of ergonovine quantities as small as 0-05 mg. produced a 
decrease of 25 to 35 per cent. Ergotamine appeared to be some ten times 
more potent. With larger amounts of either drug still greater diminu- 
tion in coronary floAV was obtained, as high as 43 per cent, with 0-1 mg. 
of ergonovine and 68 per cent. Avith O-Ol mg. of ergotamine. With 
ergonovine this decrease in flow lasted 10 to 15 minutes before a 
return to normal occurred, AA’-hile Avith ergotamine recovery was slower 
and only rarely did the floAv ever return to the initial level. In one 
heart an initial dose of 0- 1 mg. of ergotamine reduced the coronary flow 
to 33 per cent, of its original rate, and although over 2 hours w^ere 
allowed to elapse AAuthout any additional drugs being given, the flow was 
still only half of what it had been at the start. It should be noted in 
this connection that the ergotamine solution used Avas acid, and that 
the alkalinity of the perfusion fluid was sufScient to neutralise this and 
tended to precipitate out the ergotamine. The very persistent action 
of ergotamine is probably not due to a mechanical obstruction of the 
capillaries Avith precipitated material, since a degree of experimental 
air embolism sufflcient to cause equivalent reduction in flow Avas accom- 
panied by marked disturbances in the rhythm and amplitude of the 
heart such as AA^ere not observed with ergotamine. The Ioav solubility 
of the alkaloid at a physiological pH may Avell contribute to its prolonged 
action by delaying its diffusion out of tissues once it has penetrated 
+1 The possibility of the decreased coronary flow being due to a 

■ constriction of the capillaries by increased A’-entricular tone is 
passive d ^ characteristic response to ergonovine and ergotamine 

d in hearts which had ceased to beat. The response of the 
obtaine^ these tAVO drugs seemed to be independent of the type 

of anesthetic used. 
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Only rarely were subsequent doses of these two alkaloids as cflective 
as the initial one in reducing coronary flow. In the case of ergotamine 
this may he ascribed chiefly to the fact that the rate of flow was per- 
manently reduced, and tended with each dose to approach a limit beyond 
which further slowing was impossible. With ergonovino. however, even 
though recovery was fairly rapid and complete, repeated administra- 
tion gave evidence of tolerance. Thus an initial 0-05 mg. of ergonovino 
reduced the coronary flow from 37-2 to 27-0 c.c. per minute. One half- 
hour later the flow had returned to 41-2 c.c. per minute, and a second 
dose of 0-05 mg. of ergonovine only decreased it to 36- 1 c.c. per minute. 
This is a 60 per cent, reduction in effectiveness. 

There was definite evidence of cross tolerance in that when ergot- 
amine was the first drug given to a heart; later doses of ergonovine 
were less effective in reducing the coronary flow than equivalent doses 
given to a fresh heart. Evidence of tolerance to ergotamine produced 
by ergonovine was suggestive but not as consistent. It is evident from 
a consideration of these results that a satisfactory comparison of the 
potency of these two alkaloids in reducing coronary flow' is possible 
only by using a series of hearts and comparing the effects of the first 
drug given to each. 

About half the hearts responded to ergotamine or ergonovine at 
some time during the experiment wdth a transitory increase in flow'. 
This increase lasted about 10 seconds and w'as alw'ays immediately 
followed by the larger and more characteiistic decrease. The increase 
W'as on the order of 20 per cent. It occurred most consistently when 
relatively large amounts of the drugs rvere used, e.g. 0-5 mg. or more of 
ergonovine. There w'as suggestive but not conclusive evidence that 
hearts removed from chickens under local or general ansesthesia were 
refractory to this action of ergonovine and ergotamine. The accelera- 
tion in coronary flow is not a part of a generalised sympathetic stimula- 
tion of the heart, as it can occur without any change in the mte 
or amplitude of the ventricular contractions. 

The other actions of ergonovine and ergotamine on the isolated heart 
were inconspicuous in comparison with the effects on the coronary flow. 
Even with doses as large as 2-2 mg. of ergonovine and 0*1 mg. of ergot- 
amine only minor unpredictable changes in the amplitude of contrac- 
tions were obtained. Effects on frequency of contractions were equally 
irregular, with the exception of the tendency of an initial dose of ergono- 
vine to accelerate hearts removed from phenobarbitalised chickens. It 
seems probable that the capricious action of these alkaloids is due to a 
mixture of sympathetic and parasympathetic effects [Gayet and Minz, 
1936; Navratil, 1937], and that a mild parasympathetic depression 
resulting from phenoharbital [Linegar, Dille, and Koppanyi, 1936] may 
have permitted the sympathetic action to predominate. 

. Seven additional drugs (calcium chloride, epinephrine, ephedrine. 
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neosjTiephrin, tyramine, pitocin, and pitressin) were administered to 
isolated chicken hearts, but since their action on mammalian hearts 
is well known, and their behaviour on that of the chicken showed no 
unusual features, no detailed results will be presented. They served 
only to demonstrate that the avian heart responds characteristic- 
ally to ordinary drugs. Similarly repeated doses of ergonovine and 
ergotamine w'ere administered to 4 cat and 4 rabbit hearts. Since 
Donatelli [1938 a, 1938 b, 1938 c] has reported on the complex action 
of ergotamine and ergonovine on the mammalian heart, mention need 
be made here only of the effects on the coronaries, a phase apparentl}’ 
not included in his researches. It was found that the results obtained 
on cat and rabbit hearts paralleled in the main those already described 
for the foAvl. Thus it was possible to demonstrate the prolonged de- 
crease in flow, the initial transitorj”^ increase with large doses, and the 
development of tolerance. Experiments wmre not sufiiciently numerous, 
however, to convincingly demonstrate such a complex relation as cross 
tolerance. Neither can any statement be made concerning the influence 
of preliminary ansesthesia since all these animals were stunned by a blow 
on the head. 

The coronary constricting action of these ergot alkaloids has been 
ignored in the past. In the light of the present findings it w'ould seem 
wise to give careful consideration before administering either of them to 
a patient suspected of having coronary disease. 


Oviduct. 

The oviducts of 7 hens were used in these experiments. Strips 
of the uterus, isthmus, and albumen-secreting portion were suspended 
in oxj’^genated Ringer-Locke solution and the response to ergonovdne, 
ergotamine, ergotoxine, and epinephrine recorded. 

With ergonovine the only consistent results were obtained on the 
uterine portion, which always showed an increase in tone to concentra- 
tions of this drug between 1 : 20,000 and 1 ; 14,000. The response was 
frequently very slight, and with weaker concentrations no effects at 
all were obtained. The isthmus and albumen-secreting portion w’ere 
inconsistent and feeble in their reaction to concentrations as high as 

1 ; 14,000 (fig. 5). . „ 

The response to ergotamine w^as completely erratic. Sometimes 
the tone and amphtude were increased; in other instances quite the 
reverse obtained. The drug seemed more powerful than ergonovine, 
ver for concentrations of 1 : 40,000 were rarely -without effect in 
lio-we-v , other. Because of the report of McKenney, Essex, 

n 11932] that all portions of the oviduct were consistently 
and * at a concentration of approximately 1 : 600,000, 

stimula e included in the present series of experiments although 
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there v'as little expectation that any real qualitative dilTorenco betv^en 
it and ergotamine would be observed. It was found that ergotoxine- 
ethanesulphonate in concentrations of 1 : 4,000,000 to 1 : 80,000 were 
quite uniformly without effect on the oviduct, except in one instance in 
which a concentration of 1 ; 80,000 caused a slight inhibition. 

Epinephrine 1 : 2,000,000 to 1 : 500,000 elicited much more consistent 
responses than did the ergot alkaloids. All three portions of the oviduct 
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showed an inhibition of spontaneous contractions and a sudden loss of 
tone, except in the case of one strip of isthmus in which the tone was 
increased. These findings again disagree with those of McKenney, Essex, 
and Mann [1932], who state that the isthmus and albumen-secreting 
portion respond to epinephrine tvith a maximal contraction and only 
the uterus shows a relaxation. 

It seems possible that the discrepancies between the findings reported 
here and those of McKenney, Essex, and Mann [1932] may be attributed 
to the fact that their birds were in active egg production, whereas such 
was not the case in the present series although the fowls appeared 
sexually mature. 
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Intestine. 

Ergonovine caused a decrease in tone of isolated strips of gut but had 
little effect on the spontaneous contractions. The duodenum appeared 
most sensitive, being relaxed abruptly by a concentration of 1 : 400,000, 
and showing little tendency to recover even after washing. A con- 
centration of 1 : 80,000 caused the jejunum to relax fairly abruptly, 
while this same eoncentration produced only slight relaxation in the 
ileum. The spontaneous contractions of the colon were the most 
vigorous. Ergonovine 1 : 400,000 caused a shght relaxation after the 
first dose, but had no effect even in much more concentrated solutions 
upon subsequent administration. On the colon of another chicken it 
required a concentration of 1 : 80,000 to elicit a slight relaxation. 

Ergotamine 1 : 160,000 decreased the tone of the duodenum quite 
permanently. Its response was less abrupt than that of ergonovine. 
Concentration as high as 1 : 80,000 on the jejunum and ileum and 
1 : 40,000 on the colon were ineffective. 

Summary. 

1. The practicability of the chicken as a laboratory animal is 
reaffirmed. 

2. The alkaloids ergonovine and ergotamine are about equally 
effective in their action upon the circulatory system of the cliicken as 
judged by the magnitude of the blood-pressure response, but the effects 
of ergonovine are more transitory. 

3. Much smaller doses of ergonovine are required to produce pressor 
responses in chickens than in cats or in other laboratory animals. 

4. In doses of about 10-20 mg. ergonovine and ergotamine are 
effective in inhibiting but not reversing the blood-pressure response to 
epinephrine in the chicken. 

5. After moderate doses of ergonovine and ergotamine electro- 
cardiograms show only a slowing of the heart. With excessive doses 
minor changes in the T-wave are observed. 

6 In experiments on the perfused hearts of the fowl, cat, and rabbit 
small amounts of ergonovine and ergotamine give a striking reduction 
in the coronary flow. Ergotamine is some ten times more potent than 
ergonovine in this respect and also more persistent. 

^ 7 The response of the oviduct to these alkaloids is irregular except 
■ the case of the uterine portion, which is always stimulated by ergo- 
^vine Epinephrine inhibits all segments. 

Studies on the isolated chicken intestine show a reduction in tone 
r ui’ ergonovine and ergotamine, the former being more effective. The 

ponse to both substances decreases from duodenum to colon. 
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DYNAMIC VARIATION IN RESPONSE TO BARBITURATES. 
By A. J. Clabk and J. Ravbnt(5s. From the Department of 
Pharmacology, University of Edinburgh. 

{Received for publication I9fh December 1030.) 

Two forms of variation in the response to drugs can be distinguished. 
Firstly, the variation between individuals when the response of any 
individual remains constant (static variation), and secondly, fluctuations 
in the response of any particular individual (dynamic variation). 

Less attention has been paid to dynamic than to static variation. 
The former is more difficult to measure because it can only be studied 
in the case of responses which produce no permanent effect and it is 
necessary to arrange exactly similar environmental conditions in 
successive experiments. 

Clinical experience shows that an individual, who gives an 
exceptional response to a drug, usually is constant in this respect. 
This is true not only in the case of responses that are of abnormal 
character (true idiosyncrasy), but also in the case of exceptional 
sensitivity or insensitivity to drugs such as anresthetics and 
hypnotics. 

There is in addition a certain amount of quantitative evidence from 
animal experiments. Eichler and Sraiatek [1937] measured the 
constancy of the response of rats to various anaesthetics. A population 
of animals were given a median narcotic dose of a drug, the positives 
and negatives were separated and a few days later the test was repeated 
in the two groups. Technical details were carefully controlled. In 
the case of rats exposed to chloroform vapour, the authors found the 
high correlation coefficient (r) of + O-Sl for the individual responses in 
successive experiments. In similar experiments with avertin the 
correlation coefficient was +0*61, whilst with avertin followed by 
chloroform and chloroform followed by avertin the correlation co- 
efficients were +0-58 and +0-48 respectively. On the other hand, 
with chloroform or avertin followed by the barbiturate eunarcon there 
was no certain positive correlation. 

Kohn [1938] measured the quantities of nembutal and amytal needed 
to produce respiratory paralysis in rabbits when given by slow intra- 
venous infusion. He found a considerable variation in the susceptibility 
of the same animal on different occasions but concluded that this 
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Expebiments. 

The authors made experiments rvith the barbiturates sodium 
phanodorm and sodium evipan in order to determine the constancy of 
individual responses. Sodium phanodorm (100 mg./hg. intraperitoneal) 
was given to 73 mice. The surrounding temperature rvas 30° C. 
This dose produced hypnosis in 2G animals (36 per cent.). The positive 
and negative groups were divided and 4 days later the test was repeated. 
On this occasion hypnosis was produced in 34 mice (48 per cent.). 
The results were distributed as follows ( + =narcosis and - =no 
narcosis) : — 

1st Tost. 2nd Test. 

+ 20 

+ - C 

- 33 

+ 14 

This result shows a correlation coefficient (r) of 0-72, which is similar 
to the values obtained with narcotics in similar tests by Eichler and 
Smiatek [1937]. 

In a second experiment 60 mice were given 132 mg. /kg. phanodorm 
intraperitoneally. Eighteen animals that showed marked depression 
but did not show full narcosis for as long as 10 min. were discarded 
and two groups were kept, namely, an insensitive group of 23 mice 
which showed no narcosis and a sensitive group of 19 mice that were 
narcotised for more than 10 min. (average duration 40 min.). These 
two groups were tested a week later with the same dosage. The results 
were as follows : — 



Insensitives. 

Sensitives. 

No narcosis .... 

10 

1 

Narcosis more than 10 min. 

6 

18 

Narcosis 1-10 tnin. 

7 

0 


In the case of the 24 mice showing more than 10 min. narcosis 
the average duration was 32 min. Owing to the selection exercised 
it is not easy to state a figure for the correlation coefficient, but the 
obvious difference in the behaviour of the two groups confirms the 
previous conclusion that animals show constancy as regards the dose 
of barbiturate needed to produce narcosis. 

The 6 insensitives and 1 sensitive which showed definitely divergent 
responses were discarded. Four days later the remaining insensitives 
and sensitives were given twice the previous dose of phanodorm 
(264 mg./kg.) and the duration of narcosis of each individual was 
measured. This experiment was repeated again 3 days later. 
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variation was not as pronounced as the variation among different 
animals. 

Hemmingsen [1939] carried out cross-over tests with insulin con- 
vulsions in mice. He found that by separating the positive and 
negative groups it was possible to reduce the standard deviation of the 
responses from 12-25 per cent, of the median to 7-10 per cent. Bliss 
and Marks [1939] measured the fall of blood sugar produced by insulin 
in rabbits. They made cross-over experiments and concluded that the 
differences in overall susceptibility between rabbits exceeded the 
variation in the responses given by a single animal by more than 
eight times. 

Emmens [1939] made repeated tests of the action of cestrone on a 
group of mice. He concluded that the relative sensitivity of a mouse 
was not constant, but that it was less variable than the total range of 
sensitivity of the group. 

These results all indicate a small dynamic variation, but in other 


cases this has been found to be large. 

Sampson and Fernandez [1939] measured the response of rats to 
a dose of thujon suspension w^hich caused 50 per cent, incidence of 
convulsions This dose was given 10 times to each of 40 rats. The 
sensitivity of the group as a whole did not vary and there were 203 


convulsive responses out of the total of 400 experiments. 

These results can be analysed to estimate whether the rats were 
constant in their behaviour or whether the incidence of convulsions 


was a matter of random chance. The simplest treatment is to measure 
the number of positive results scored by each individual. If the 
animals were completely consistent in their response there would be 
20 scores of 10 and 20 scores of zero. If the responses were completely 
random they would show a binomial distribution. The results obtained 


were as follows: — 


Positive scores. 0123456789 10 

No. of such scores! io646666032 
observed. J 


No. of scores according 
to random distribu- 
tion. 


?|o 0 


Total, 

40 

40 


The results indicate that 6 animals were more sensitive than the 
and 5 were more resistant, whilst the responses of the remain- 
averag distribution to be expected if on each occasion 

wRh each individual there was an even chance of a positive or negative 

response. pvtieriments quoted show therefore very different 

resulte a, regards the erfent of dynam.e varmt.on. 
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were made on pigs 2-G kg. in weight. Those cases can he divided 
into three nearly equal groups according to the duration of the first 
narcosis. 


Kange of dura- 


Average duration in min. 

tion of first 

No. of animals 



response 

in group. 



(in min.). 


let response. 

2nd response. 

7-10 

9 

S 

14 

10-6-14-6 

11 

12-6 

13 

15-22 

12 

17 

14 


The results show that the duration of the second narcosis is the same 
in all cases and therefore provide no evidence for any persistent 
individual variation as regards duration of response. 

One of the authors [Clark, 1939] gave a preliminary account of 
measurements of the duration of evipan narcosis in mice, which showed 
that there was no obvious correlation between the durations of the 
responses of single individuals when these were given repeated injections. 
These results were open to the criticism that the successive experiments 
were carried out at different room temperatures (20° C. and 40° C.). 
We therefore made more extensive experiments on this subject. A 
population of male mice were given 100 mg./kg. sodium evipan intra- 
peritoneally. The animals were kept at 30° 0. and the duration of 
narcosis of each individual was measured. The individuals were 
marked, and the test was repeated five times at weekly intervals. A 
population of 40 mice was used, 22 survived the whole test and only 
the responses of the survivors were considered. The average duration 
of sleep differed on different days, and a few mice showed exceptionally 
long durations. These facts and the relatively small numbers make it 
necessary to use crude methods of analysis. 

The responses for each test were classified into three groups ; medium 
responses which were within 5 min. of the average response for the day 
and the responses shorter and longer than these. The totals of the 
three groups were of a comparable magnitude (33 short, 30 medium, 
and 47 long responses). The score of each mouse in each class of 
response in the five tests was measured. If a mouse were completely 
consistent in its behaviour then it would fall each time into the same 
group, and its score would be 6 in one group and 0 in the two other 
groups. If a mouse were completely variable in its behaviour, 
the most likely score would be 2, 2, and 1. The variability was 
^timated by measuring the frequency of the various kinds of scores. 
The total number of scores was 66 (3 for each of 22 mice) and the 
possible values ranged from 0 to 5. If the mice were completely 
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Thirty animals (16 insensitive and 15 sensitive) survived the whole 
test. The mean durations of narcosis in these animals were as 
follows : — 



Mean durations of narcosis in min. 

Sensitive 

Insensitive 

Average . 

1st test. 

134 

94 

114 

2nd test. 

167 

99 

123 

Average. 

145 

96 


The mean duration of narcosis of the sensitive group was therefore 
1| times as great as that of the insensitive group. 

The distribution of the responses can be summarised as follows 
(narcosis shorter than the average for the test = - , longer = + ) :— 


1st test. 

2nd test. 

Sensitive. 

Insensitive. 

+ 

+ 

9 

1 

+ 

- 

0 

2 

- 

- 

3 

9 

““ 

+ 

3 

3 


The table shows the correlation as regards duration of narcosis ui 
the two tests. In 3 individuals the two responses differ widely, but 
in 22 cases out of 30 there is not more than 25 min. difference between 
the two responses. 

The figures dealt with relate to small groups of selected animals; 
the figmes in the table also indicate that the variation in the duration 
of the response is not distributed symmetrically. Hence it is not 
possible to calculate the correlation coefficient. The results indicate, 
however, that groups of selected animals show a constant difference 
as regards duration of action and that in such cases there is a 
definite correlation between the successive responses given by any 
individual. 

We found, however, that it was not possible to demonstrate any 
constancy in the durations of the responses to barbiturates in groups 
of unselected animals. Donald and Raventos [1939] measured the 
durations of narcosis produced by repeated intravenous injections of 
indium evipan (20 mg./kg.) in a group of young pigs. They could not 
demonstrate any persistent individual variation in susceptibility 

W have examined the protocols of these experiments and find 
^ds of 32 cases in which two measurements per individual 
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"were made on pigs 2-6 kg. in weight. These cases can be divided 
into three nearly equal groups according to the duration of tho first 
narcosis. 


Knnge of dura- 


Avorngo duration in min. 

fcion of first 

No. of animals 



response 
(in min.). 

in group. 

1st response. 

2nd response. 

7-10 

9 

8 

14 

10-6-14-6 

11 

12-5 

13 

15-22 

12 

17 

14 


The results show that the duration of the second narcosis is the same 
in all cases and therefore provide no evidence for any persistent 
individual variation as regards duration of response. 

One of the authors [Clark, 1939] gave a preliminary account of 
measurements of the duration of evipan narcosis in mice, which showed 
that there was no obvious correlation between the durations of the 
responses of single individuals when these were given repeated injections. 
These results were open to the criticism that the successive experiments 
were carried out at different room temperatures (20° C. and 40° C.). 
We therefore made more extensive experiments on this subject. A 
population of male mice were given 100 mg./kg. sodium evipan intra- 
peritoneally . The animals were kept at 30° C. and the duration of 
narcosis of each individual was measured. The individuals were 
marked, and the test was repeated five times at weekly intervals. A 
population of 40 mice was used, 22 survived the whole test and only 
the responses of the survivors were considered. The average duration 
of sleep differed on different days, and a few mice showed exceptionally 
long durations. These facts and the relatively small numbers make it 
necessary to use crude methods of analysis. 

The responses for each test were classified into three groups ; medium 
responses which were within 5 min. of the average response for the day 
and the responses shorter and longer than these. The totals of the 
three groups were of a comparable magnitude {33 short, 30 medium, 
and 47 long responses). The score of each mouse in each class of 
response in the five tests was measured. If a mouse were completely 
consistent in its behavioxu' then it would fall each time into the same 
group, and its score would be 5 in one group and 0 in the two other 
groups. If a mouse were completely variable in its behaviour, 
the most likely score would be 2, 2, and 1. The variability was 
^timated by measuring the frequency of the various kinds of scores. 
The total number of scores was 66 (3 for each of 22 mice) and the 
possible values ranged from 0 to 5. If the mice were completely 




192 


Clark and Raventos 


consistent in their behaviour then values of 0 and of 5 would occur 
most commonly. 

The distribution of scores was as follows : — 


Score. 

Incidence. 

S, 0, 0 

0 

4. 1, 0 

5 

3, 2, 0 

5 

3, 1, 1 

4 

2, 2, 1 

8 


No mouse attained complete constancy, and the most random score 
was the most frequent. This result therefore indicates a lack of con- 
stancy in the successive responses of tlie individuals. 

Dr. W. 0. Kermack Idndly calculated for us the incidence of scores 
to be expected if the variation in the duration were of a random nature; 
that is to say if there was no correlation between the character of the 
responses given by any particular individual. 

The results were as follows : — 


A^alue of score. 

0 

B 

2 

3 

4 


Distribution of scores. 







(a) Calculated for ran- 

9-6 

21-4 

20-6 

10-9 

3-2 

0-4 

dom variation. 







(6) Found with mice. 

10 

21 

21 

9 

5 

0 


The distribution of the scores is therefore nearly the same as that 
which would occur if the responses were of a random character. 

Discussion. 

The tests made of the individual constancy of the responses of mice 
to barbiturates showed that when the test measured the intensity of 
action then the individuals showed a constancy as regards their 
responses. This agrees with previous work carried out with other 
narcotics and also is in accordance with chnical experience. 

Measurements of the duration of responses to repeated doses of 
1 h'turates showed that when mice were selected so as to obtain 
^sitive and insensitive groups, then the different groups showed clear 
ces as regards the average durations of their responses to 
+PC! and there was a definite positive correlation between the 
barm ura individuals. When, however, the durations of 

successive q£ unselected group of animals was measured, 
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the results failed to demonstrate any correlation between the durations 
of successive responses. The duration of response is therefore less 
constant than is the intensity of the response. This variation in 
duration of response may be due to fluctuations in the rate of destruction 
of the drug. 

ICrautwald and Oettel [1937] and Krautwald [1937] measured the 
daily excretion of barbitone, phenobarbitone, and phanodorm and 
noctal given to dogs in constant daily doses over prolonged periods. 
Their protocols show very considerable daily fluctuations in the amounts 
of drugs excreted, a fact which suggests a considerable fluctuation in 
the amount of drug daily destroyed in the body. 

Dynamic variation is an undesirable character in a response that 
is used for the purposes of drug standardisation. Our results indicate 
that from this point of view estimates based on durations of responses 
are likely to be less reliable than those based on the intensity of 
responses. 

The duration of response to a barbiturate appears to be an attractive 
method of measuring the intensity of action since it pro^^des a graded 
measure of the action produced. Moreover, there is a constant relation 
between dosage and the average duration of the responses of a group 
of animals. 

It has been shown [Raventds, 1938] that the duration of narcosis 
is dependent on the room temperature, and the facts mentioned in this 
paper show that it also is influenced by unknown variable factors. 
Hence the theoretical significance of the duration of response is some- 
what uncertain. 


Table. — ^Duraiions exbiiessed as Minutes Longer or Shorter than 

THE Mean. 



-75 -50 

-25 


-0 +26 

+ 50 

+ 75 

+ 100 

1st test. 

-76 









-60 

1 



•• 

•• 



1 

-26 

2 

6 

•• 

1 


1 


10 

0 


2 

I 

1 

2 

•• 

1 

7 

+ 26 



1 

1 

1 



3 

+ 50 




1 

2 

1 

1 

5 

+ 76 

1 

• * 


1 

1 

' • 

1 

4 

2nd test. 

4 

8 

2 

5 

6 

2 

3 

30 
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CONCLtrSIONS. 

1. There is a fairly high individual constancy as regards sensitivity 
to barbiturates; individuals -which are narcosised by a median 
hypnotic dose are hkely to show the same response when the test is 
repeated. 

2. There is less indi-vidual constancy as regards the duration of 
narcosis produced by barbiturates. Sucb constancy can be demon- 
.strated in groups of mice selected as regards sensitmty, but in un- 
selected groups we could not demonstrate any constancy. 

The expenses of this research were defrayed by a grant from 
Messrs. Imperial Chemical Industries (Dyestuffs Group), for which the 
authors express their thanks. 

We also thank Dr. W. 0. Kermack for his kind assistance in the 
mathematical analysis of the results. 
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THE SITE OF ACTION OE THYROXIN ON WATER- 
l^iDETABOLISM. By Luoietst Brull. From the Institut de 
Clinique et Policlinique Medicales, Universitd de Liege. 

{Received for publication I6(?i January 1940.) 


That “spontaneous” and post-operative thyroid deficiency are accom- 
panied % oliguria, water-retention and hyper-proteinsemia, while 
clinical and experimental hyperth3?roidism produce the opposite states, 
are equally notorious facts, 

Afieging that thyroid extract fails to produce an increase in ludney 
volume and that no proof of its action on the kidney was otherwise 
forthcoming, Eppinger [1917] envisaged in myxoedema a retardation 
in the katabolism of tissue proteins and a consequent increase in their 
capacity to retain water. An extra-renal action of thyroid has since 
been emphasised by several investigators. Ellinger [1922] laid stress 
on the influence of th 3 rroxin on the swelling of plasma and tissue 
colloids, and was led to regard this substance as the prototype of 
diuretics with a primary extra-renal action. Asher [1920], Meyer- 
Biseh [1923], andFujimaki and Hildebrandt [1924] developed the thesis 
of an extra-renal action of thyroid by studying its action on general 
metabolism, on the formation of cedema fluid and on the state of 
hydrsemia. Moreover, Epstein [1929], from an investigation of the 
conflict of action of thyroxin and several narcotic substances on water- 
diuresis, favoured the exclusion of a renal component from the polyuric 
effect of the hormone. More recently Marx [1936] concludes that no 
-- direct action of thyroxin on the kidney has been demonstrated, and 
he himself failed to observe any diuretic effect from this substance in 
the heart-lung-kidney preparation. Meanwhile, however, van Creveld 
[1922] has subjected Eppinger’s theory of cedema formation to severe 
criticism, and has shown that thyroid extract produces renal vaso- 
dilatation in the perfused kidney of the frog. Up to the present, and 
so far as we are aware, no direct evidence has been forthcoming which 
allows the exclusion of a direct renal action of thyroid extract or of 
thyroxin in the mammal. 

The object of this paper is to present experiments which give an 
unequivocal demonstration of the localisation in the kidney of the 
polyuric action of thyroxin in the mammal. 

19S 


194 


Dynamic Variation in Response to Barbiturates 


CONOLTJSIONS. 

1. There is a fairly high individual constancy as regards sensitivity 
to barbiturates; individuals which are narcosised by a median 
hypnotic dose are likely to show the same response when the test is 
repeated. 

2. There is less individual constancy as regards the duration of 
narcosis produced by barbiturates. Such constancy can be demon- 
strated in groups of mice selected as regards sensitivity, but in un- 
selected groups we could not demonstrate any constancy. 

The expenses of this research were defrayed by a grant from 
Messrs. Imperial Chemical Industries (Dyestuffs Group), for which the 
authors express their thanks. 

We also thank Dr. W. 0. Kermack for his kind assistance in the 
mathematical analysis of the results. 
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diuresis was producible, the kidneys from the thyroxinised aihmal 
should give an earlier and stronger response than those from the 
control, were there a direct renal action of thyroxin. Now the 
implantation of kidneys into an anaesthetised donor is associated with 
conditions under Avhich water-diuresis does not occur. It wms shown 
earlier, however [Brull, 1938], that anesthesia of at least the trans- 
planted kidneys can be avoided by taking them from an animal killed 



Fio. 1. — ^To illustrato the method used in the perfusion of two pairs of kidneys 
by one dog. The perfusing animal is anmsthotised with chloralosano, and the 
kidneys are taken from imanffisthetised dogs shot immediately before the trans- 
plantation of their kidneys. One pair of kidneys is taken from a normal, the 
other from a thyroxinised animal. The arterial connections only are represented. 


immediately before the transfer, a transfer which can be performed 
under these conditions without stopping the circulation for more than 
five minutes. Moreover, if the ansesthetic (chloralose) is injected into 
the donor at least half an hour before the kidneys are anastomosed 
with its circulation, these kidneys behave like unansesthetised organs. 
Fig. 1 shows schematically the way in which the kidneys are connected 
with the donor. The problem now resolved itself into the production, 
in such a preparation, of water-diuresis by some means other than by 
the intestinal absorption of water. Verney’s papers again provided 
the necessary suggestion. According to to this author [Verney, 1936] 
water-diuresis is preceded by and dependent upon inliibition of secre- 
tion from the posterior lobe of the pituitary. If this be true, removal 
of the posterior lobe of the pituitary should be followed by a polyuria 
similar in type to water-diuresis in the normal animal. Verney [1926], 
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Choice op Method. 

In 1926 Verney demonstrated the liberation of an antidiuietic 
substance from the pituitary body into the blood-stream. Compere 
[1933] confirmed in our laboratory this fundamental finding by using 
our method of simultaneously implanting the kidneys of one dog into 
two others (“donors”) [BruU, 1933]. In this preparation the kidneys, 
after anastomosis •noth the circulatory systems of two donors through 
the medium of the aortic and inferior caval segments carrying respec- 
tively the origins of the renal arteries and the embouchements of the 
renal veins, can be switched from the one, donor to the other and vice 
versa without any interference with their circulation. In Comperes 
experiments the one donor was polyuric as a consequence of the 
removal of its pituitary, the other served as control; and Compere 
was able to show that every time the anastomosed kidneys were 
switched from the control donor to the polyuric one the anastomosed 
Iddneys themselves became polyuric and vice versa. Verney’s expen- 
ments [1926], confirmed by Compere’s work [1933], furnished the first 
experimentaUy induced example of an hormonal influence on the 
processes in the Iddney whereby the regulation of the composition of 
the “milieu interieur” is implemented. 

Again, that parathyroidectomy leads to a faU in the excretion of 
phosphate by the kidney has been known for many years. After 
CoUip [1925] had isolated an active extract from the gland it was 
shown that injection of this extract produced a rise in phosphate 
excretion [Albright, Baur, Ropes and Aub, 1929]. Although suggestions 
appeared to the efifect that the parathyroid regulated phosphorus 
excretion by an action of its secretion on the kidney, no direct proof of 
this was forthcoming until we succeeded, by means of several techniques 
of cross circulation [BruU, 1936, 1939], in demonstrating the renal 
locaUsation of the influence of this gland. This work furnished a 
second example of the active participation of internal secretions m 
catalysing or inhibiting secretory processes in the kidney, and we were 
thereby encouraged to investigate the site of action of thyroid by 

simUar methods. . 

In their paper on water-diuresis, Klisiecki, Pickford, Rothschila 
and Verney [1933] give suggestive curves showing that in thyroxinised 
does water-diuresis starts earUer and reaches a higher maximum than 
in normal animals. The authors write: “The simplest interpretation 
of our results would appear to be in terms of a direct effect of thyroxin 
■ the kidney, since the outstanding characteristic of its action is an 
e in the maximum rate of secretion.” One felt that if one could 
an experiment in which two pairs of kidneys were fed by the 
hi d one pair originating from a normal control and the other 
thyroxinised animal, an experiment, moreover, in which water- 
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diuresis was producible, the kidneys from the tliyroxinised animal 
should give an earlier and stronger response than those from the 
control, were there a direct renal action of thyroxin. Now the 
implantation of kidneys into an anassthotised donor is associated with 
conditions under which water -diuresis docs not occur. It wms shown 
earlier, however [Brull, 1938], that anajsthesia of at least the trans- 
planted kidneys can be avoided by taking them from an animal killed 



Fio. 1. — To illustrate the method used in the perfusion of two pairs of kidneys 
by one dog. The perfusing animal is anresthetisod with chloralosane, and the 
kidne5f3 are taken from unancesthetised dogs shot immediately before the trans- 
plantation of their kidneys. One pair of kidneys is taken from a normal, the 
other from a thyroxinised animal. The arterial connections only are represented. 

immediately before the transfer, a transfer which can be performed 
under these conditions without stopping the circulation for more than 
five minutes. Moreover, if the antesthetic (chloralose) is injected into 
the donor at least half an hour before the kidneys are anastomosed 
with its circulation, these Iddneys behave like unansesthetised organs. 
Kg. 1 shows schematically the way in which the kidneys are connected 
with the donor. The problem now resolved itself into the production, 
in such a preparation, of water-diuresis by some means other than by 
the intestinal absorption of water. Verney’s papers again provided 
the necessary suggestion. According to to this author [Verney, 1936] 
water-diuresis is preceded by and dependent upon inhibition of secre- 
tion from the posterior lobe of the pituitary. If this be true, removal 
of the posterior lobe of the pituitary should be followed by a poljmria 
similar in type to water-diuresis in the normal animal. Verney [1926], 
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indeed, has shown that even under chloralose anesthesia a doe may 
become polyunc after removal of its pituitary gland, and this fact has 
been confirmed in our laboratory [Brull, 1930; Compere, 1933], We 
have found that when a dog under chloralose receives a constant 
intravenous infusion of saline, the rate of urine secretion increases 
•only a little, and that no polyuria occurs unless the pituitary has .been 
previously removed. 

Using, then, the preparation described above — a dog with two pairs 
of kidneys anastomosed with its femoral vessels, the one pair being 
taken from a normal, the other from a thyroxinised animal — ^v'e proceed 
"bo hydrate the donor by a constant infusion of normal saline, and later 
to remove the pituitary ^ in order to produce a polyuria. If th 3 noxin 
Iras indeed a direct renal action, we should expect a polyuria earlier in 
■onset and greater in degree from the thyroxinised than from the control 
kidneys. 

Resttlts. 

Experiment I. A. bitch weighing 24 kg. receives 0-12 g. chloralosane 
per kg. i.v. The two femoral arteries and veins are dissected and 
Pa^ s cannulas attached, so that the vessels are ready to receive the 
pairs of kidneys from the two other animals. One of these, a dog 
weighing 8 kg. is the normal control, the other, weighing 9 kg., has 
xeceived 1 mg. thyroxin subcutaneously on each of the tluree days before 
the experiment and a further dose of 1 mg. immediately before the 
•experiment began (total dose of thyroxin 0-44 mg./kg. over four days). 
The two kidney-dogs are killed by a shot through the skull, the kidneys 
immediately removed with the interlying segments of aorta and vena 
cava, and these segments anastomosed with the femoral vessels of the 
•donor. The anastomosis of the control and of the thyroxinised kidneys 
is accomplished 55 and 70 min. respectively after the anaesthetic has 
been given to the donor. The weight of the kidney pairs was 46 and 
54 g. respectively. The arterial pressure is measured at the free end 
•of the aortic segment suppl 3 dng one pair of kidneys, and a constant 
•and fast infusion of normal saline (30 c.c./min.) is given through the vena 
cava of the other pair. The responses of the two pairs of kidneys are 
•shown in fig. 2 (c.c. urine per hour per gram of fresh kidney). As will 
be seen, the water outputs of the two pairs of kidneys ran closely 
parallel and increased about sevenfold as the result of the profound 
hydrcemia: the plasma proteins fell from 5-0 to 2-2 g./lOO c.c. during 
the period of infusion. Clearly no difierence is appreciable between the 
responses of the kidneys from a normal dog and of those from a dog 
thyroxinised to this degree, viz. 0-44 mg./kg. body-weight. 

Experiment II- — We then decided to increase the dose of thyroxin. 
The donor weighed 17-2 kg., the kidney-dogs 5-8 kg. (control) and 

1 In our experiments the pituitary has been removed by the temporal route. 
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6-16 kg. (thyroxinised), the thyroxinised animal having received a 
total dose of 1 mg. thyroxin/kg. over tho six days preceding the experi- 
ment. The thyroxinised dog lost 0-45 kg, in weight during this period. 



Fig. 2. — Urine outputs of two pairs of transplanted kidneys, tho one { ) 

from the kidneys of a normal dog, tho other ( ) from those of a dog previously 

injected with thyroxin fO'44 mg./kg. body-weight). At A a fast infusion of 
saline (30 c.c./min.) was begun: this was continued throughout tho experiment. 

Ordinates : e.o. urino/g. fresh kidney tissuo/hour. Abscissas: time in hours. 

The technique in this experiment was the same as in Experiment I., 
with the exception that saline was infused at a much slower rate, 
viz. 4 c.c./min. The weight of the control kidneys was 28-5 g,, that 



Fio. 3. — Same technique as before (see fig. 2). Dose of thyroxin 1 rog,/kg. 
body-weight. The saline was infused at a slow rate (4 c.c./min.). At A the 
pituitary was removed. Ordinates and abscissa; as in fig. 2 (g.o.). 

of the thyroxinised 27-5 g. The resultant hydrsemia was small, the 
plasma proteins falling from 5-4 to 4-6 g./lOO c.c. during the period of 
infusion. The results of this experiment are shown in fig. 3. As will 
be seen, the saline infusion produced a relatively greater increase in 
urine flow from the thyroxinised kidneys, but the effect was small and 
no polyuria from either pair supervened. Forty-five minutes after 
hypophysectomy, however, poljuiria appeared, but the course of urine 
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flow from the tliyroxinised kidneys ran closely parallel with that from 
the control pair. In a further and similarly conducted experiment, 
however (Experiment III., fig. 4), removal of the pituitary was followed 
by a polyuria of earlier onset and much greater degree from the 
thyroxinised than from the control pair of kidneys. The rate of saline 
infusion was 4 c.c./min. : the weight of the control kidneys 28 g. and 
of the thyroxinised 24 g. This result encouraged us to investigate the 



Fig. 4. — Same technique as before (see 6g. 2). Dose of thyroxin 0-9 mg./kg- 
body-weight. Slow infusion of saline. At A the pituitary was removed. 
Ordinates and abscisste as in fig. 2 (q.v.). 


effects of a further increase in the dose of thyroxin and three experi- 
ments win now be reported in which larger doses than hitherto have 
been employed. 

Experiment IV . — In this experiment the donor weighed 20 kg., 
the control kidney-dog 7-7 kg. and the thjToxinised 6-6 kg. The 
control kidney-pair weighed 35 g., the thyroxinised 71 g. The 
technique and rate of saline infusion were the same as in the two 
previous experiments, but 4-6 mg. thyroxin/kg. were given over the 
9 immediately preceding days. The results of this experiment are 
shown in fig. 5. Even before the slow infusion of saline was begun, 
the water-output of the transplanted thyroxinised kidneys was about 
double that of the control pair. Moreover, while the control kidneys 
save no response, or a minimal only, to saline infusion even after two 
hours the thyroxinised kidneys became markedly polyuric after one 
hour’s infusion only. A fall in the donor’s arterial pressure temporarily 
duced this polyuria, and after the pituitary was removed a polyuric 
onse by both the thyroxinised and the control Iddneys appeared, 
rT the response by the thyroxinised pair was greater absolutely than 
+1*^ t bv the control pair. This experiment confirms the findings of 
1 ^ evious one, and shows, in addition, that sufficiently thyroxinised 
the pr ^ larger response than the control organs not only to 

pbys^otomy but to hytomia as weU. 
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Experiment V . — Here the same teelmiquo was adopted with the 
same rate of saline infusion, the dose of thyroxin in this experiment 
being 5 mg./kg. given over a period of 9 days. The donor weighed 
22-2 kg., the control kidney-dog 7 kg., and the thyroxinised 5-3 kg. 
The control kidneys weighed 37-5 g., tlie thyroxinised 30'0 g. The 



Fio. 5. — Same technique as before (see fig. 2). Dose of thjToxin 4'5 mg./kg. 
body-weight. Slow infusion of saline. Even before the infusion ^¥a8 started 
the kidneys from the thyroxinised animal -wore secreting more rapidly than 
those from the control, and the diSerence in rate was accentuated by the infusion. 

At A the arterial pressure fell from 160 to 120 mm.kg. At B the pituitary was 
removed. At C there was a further fall in arterial pressure. Ordinates and 
abscissje as in fig. 2 {g.v.). 

results are shown in fig. 6. Here, again, the initial water-output of 
the thyroxinised kidneys was much higher than that of the control 
pair, and the response to saline infusion also was greater. A fall in 
the donor’s arterial pressure (from 160 to 115 mm. Hg) suppressed the 
polyuria of the thyroxinised kidneys, but after hypophysectomy polyuria 
of even greater magnitude appeared. Unfortunately clotting occurred 
in the arterial supply to the control kidneys, so that their response to 
hypophysectomy eonld not be followed: the polyuric response of the 
thyroxinised kidneys, however, was much greater than any response 
we have encountered in control kidneys under these conditions. 

Experiment VI . — In this experiment 3-2 mg. thyroxin/kg. was 
administered over the 3 days immediately preceding. The donor 
weighed 19 kg., the control kidney-dog 6'6 kg. (one kidney 18-5 g.), 
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and the thyroxinised 5 kg. (one kidney 14 g.). The technique was the 
same as that of the last experiment with the exception that no infusion 



■E.,- 7 l_Sanie technique as before (see fig. 2). Dose of thyroxin 3-2 mg./kg. 
oipht No infusion of saline. The urine flow of the thyroxinised kidney 
body-wejg ■ control remains constant. Ordinates and abscisstc 

steadily mcroases. ^ ^ 

V was given. One control and one thyroxinised kidney only 
of saline . qijje results of this experiment (fig. 7) emphasise 

■vvere . i encountered, namely, that the basal rate of urine 

the fact previously 
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flow from transplanted thyroxinisod kidneys is higher tlian that from 
the controls. In all our experiments with the higher doses of thyroxin 
(over 1 mg.), the urine flow of the thyroxinisod whole animals was 
higher than that of the controls, and the experiments reported above 
show that this polyuria persists even after transplantation and in the 
absence of any agency or procedure calculated to produce diuresis. 
In the experiment immediatelj’’ before us the Avater-output of the 
thyroxinised kidney was seven times greater than that of the control. 

Discussiox. 

The method we have used places two pairs of transplanted kidneys 
under exactly the same conditions. Both are totally denervated, are 
given no anresthetic before transplantation, and are perfused at the 
same arterial pressure and Avitli blood of the same composition by a 
donor anassthetised with chloralosane. 

Under such conditions, kidneys originating from animals injected 
with thyroxin in sufficient amount (about 1 mg./kg. body-weight, or 
more) behave differently from controls. When large doses (3 to 4 
mg./kg. body-weight) are administered before transplantation, the 
Avater-output after transplantation is larger than that of the controls 
even in the absence of any stimulation of diuresis. This disparity in 
response becomes greatly intensified when saline is infused into the 
donor, and the polyuria folloAving hypophysectomy is likewise greater 
Avith kidneys transplanted from a thyroxinised dog than with those 
transplanted from a normal control. This increased response to 
hypophysectomy may be seen after doses of thyroxin as low as 0'9 
mg./kg. These last facts, in confirming the hypothesis of lOisiecld 
et al. [1933], cited above, namely, that thyroxin affects water-diuresis 
in the normal animal by acting directly on the kidney, render un- 
tenable the vieAvs of Eppinger [1917], Ellinger [1922], Marx [1935] and 
others Avho consider the diuretic effect of thyroxin as being purely 
extrarenal. Our experiments, indeed, Avhile not excluding an extra- 
renal component from the diuretic action of this drug, afford an un- 
equivocal demonstration of a directly induced renal effect. 

Summary. 

1. Kidneys originating from thyroxinised dogs, Avhen transplanted 
simultaneously Avith control kidneys to a donor anresthetised with 
chloralosane, have been found to secrete more rapidly and to give 
larger responses to saline infusion and to hypophysectomy than the 
controls. 

2. The method adopted and the results obtained demonstrate that 
the diuretic effect of thyroxin is due, at least in part, to a direct action 
on the kidney. 
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and the thyroxinised 5 kg. (one kidney 14 g.). The technique u-as the 
same as that of the last experiment with the exception that no infusion 



given. One control and one thyroxinised kidney only 
of saline w results of this experiment (fig. 7) emphasise 

were encountered, namely, that the basal rate of urine 





THE SITE OE ACIDIFICATION OF URINE IN THE FROG’S 
AND RAT’S KIDNEY. By R. Ellxnger. From tlio Lister 
Institute, London. 

(Received for publication 29//t January 1940.) 


In spite of the important role played by the kidney in the maintenance 
of the acid-base equilibrium of the body by eliminating a more or less 
acid urine, the mechanism, and especially the site of the acidification 
of urine, is still a matter of discussion. There seems to be general 
consent that the preliminary urine filtered off into the glomerular 
capsule is alkaline, of the same pH as the blood plasma. This M'as 
observed in the living frog by three different investigators using three 
different methods; microscopicallj’^, using phenol-red as indicator, by 
Bieter and Hirsehfelder [1922, 1924]; by estimation of the pH of the 
glomerular punctate, by Wearn and Richards [1924]; and with the 
intravital microscope, using the tint of the fluorescence of fluorescein 
as indicator, by EUinger and Hirt [1929 6, 1930 a]. The experiments 
were confirmed by Montgomery [1935] and by EUinger [1934 a, 1940] 
and extended with similar results to the glomerular filtrate of the 
rat’s kidney by EUinger [1934 b, 1940]. In the experiments of EUinger 
and Hirt [1929 6] it was further observed that in German B. esculenta 
in summer the preliminary urine was acidified to a certain degree in the 
proximal tubules and became stiff more acid during its passage through 
the lower urinary tract, especially in the distal tubules. In the same 
species in "winter, urine was found to be far less acid [EUinger and Hirt, 
1930 a\. No acidification occurred in the proximal tubules and only 
slight acidification in the distal and coUecting tubules. At the time 
when this work was done photography of the intravital microscopic 
pictures was not possible, as photographic emulsions Avere too inefficient 
as regards the speed and sensitiveness in the yelloAv and green. ElUnger 
and Hirt [1029 b, 1930 a] had, therefore, to rely on Arisual observations; 
and the colour tints of the intravital microscopic pictures could only 
be reproduced by colour drawings made AAdth a camera lucida. Almost 
simultaneously Richards [1929] reported that phenol-red introduced 
directly into the lumen of the frog’s tubule changed from red to yelloAV 
only in the distal third of the tubules. 

In 1934-1937 EUinger [1934 a, b, 1940] repeated the intravital 
microscopic investigations in this country at different seasons of the 
year with Hungarian R. esculenta, and extended the observations to 
VOL. XXX., so. 3.— 1940. 205 15 
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licinp, bran, cabbage, and milk, daily; meat twice and fish once, weekly. 
They were anfosthetised for the experiment by intraperitoneal injection 
of 30 mg. of chloralhydrate per 100 g. The kidneys were exposed 
according to the methods described in detail by Ellingcr and Hirt 
[1929 a] and by Ellingcr [1940]. In rats glomeruli and distal tubules 
were brought to the surface by taking a shaving from the surface of the 
Iddney in a preliminary operation carried out under ether anesthesia. 

Fluorescein was injected in 1 per mille solution in Ringer’s solution 
into a leg lymph sac in the frog experiments and intraperitoneally into 
rats. Fluorescein has a very wide and suitable range as an indicator 
of pH in body fluids. The tint of its fluorescence changes gradually 
from deep green at pH 9-0 to a brilliant canary yellow at pH 3-0 
[Elllnger and Hirt, 1930 b]. The colour change can easily be investi- 
gated at concentrations of 1/10,000,000; and owing to its luminescence 
it can be observed in tissues very distinctl}^ even in very small patches. 

In order to render the urine of frogs more alkaline, up to 20 ml. of 
a one per cent, sodium carbonate solution rvas injected into the stomach 
by a stomach-tube in portions of 2-3 ml. during the 24 hours preceding 
an experiment, or in smaller doses in the course of an experiment. 
Occasionally this procedure was supplemented by an injection of up 
to 10 ml, of a one per cent, sodium bicarbonate solution into a leg lymph 
sac. 


In order to obtain a more acid urine some of the rats received bj’’ 
stomach-tube up to 1-0 g. of ammonium chloride in a little water daily 
for two to three days preceding the experiment. 

In frogs all injections were made into the lymph sac of the right 
leg while the left kidneys were examined. In rats, however, either of 
the kidneys was used for observation, and the injections rvere made 
ipto the peritoneal cavity. 

The kidneys were exposed and an appropriate region was focussed 
with the objective. The image was illuminated either by the spon- 
taneous fluorescence of the tissues [EUinger, 1938] or by the white or 
blue rays from the light source reflected from the superficial layers of 
the tissues. Then O-S-l ml. of the fluorescein solution was injected, 
and the appearance of the dye and the tint of its fluorescence were 
followed visually in the various parts of the kidney. From this tint 
the pH of the fluid in the kidney cells and in the different portions of 
the lumen of the urinary tract was determined. Colour photomicro- 
graphs of the various renal regions were taken at intervals. 

Photomicrography of intravital microscopic pictures in black and 
white has been possible since 1933 [Franke and Sylla, 1933]. During 
the last two years colour films, particularly for small-size cameras, 
have been improved so much in speed and sensitivity that correct 
colour images can be obtained from fluorescence microscopic, and even 
from intravital microscopic, pictures [c/. Hirt, 1939; EUinger, 1939], 
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rats. The distinct seasonal differences in the function of the frog’s 
kidney observed in Heidelberg were not seen in this country; the 
degree of acidification of the urine at all seasons was intermediate 
between that observed in summer and winter respectively in Heidel- 
berg. The site of acidification was, however, the same as that noted 
in summer frogs in Heidelberg; some occurred in the proximal, and 
more in the distal, tubules. In rats there was little acidification in 
the proximal, considerably more in the distal, tubules. After the 
injection of an acid salt solution, the excretion of acid urine through 
the epithelium of the proximal tubules was observed in both frog 
and rat. 

Montgomery and Pierce [1935, 1937] published observations on the 
site of acidification of urine in Necturtis maculosus and American 
Raiia pipims. In Necturus the urine was taken from different parts 
of the urinary tract according to the methods of Richards and Walker 
[1937] ; and the pH was estimated either by an indicator method devised 
by Montgomery [1935] or with a quinhydrone microelectrode devised 
by Pierce and Montgomery [1935]. There was generally not much 
acidification of the bladder urine; only one value below pH 6-0 was 
reported, and this acidification occurred exclusively in a certain 
segment of the distal tubules. In B. pipiens the pH of the content 
of the urinary tract was estimated by the tint of phenol-red, injected 
either into a lymph sac or into the glomerular capsule. By this method 
the site of acidification rvas found to be restricted to a narrow region o 
the middle part of the distal tubules. 

Although Montgomery and Pierce did not repeat the experiments 
of EUinger and Hirt with the same method and the same species o 
frogs, they stressed the difference between their own results and those 
of EUinger and Hirt. This difference was even more emphasised by 
Richards [1938] in his Croonian Lecture. 

In order to clear up the cause of these contradictory results i 
was decided to repeat the experiments with an improved method 
in which the subjective visual observation of the changes in colour 
tints were supplemented by objective records obtained by colour 

photomicrography. 

Methods. 

The experiments were performed Avith English Bana teviporana 
f both sexes in May, June, July, and August, and with rats of both 
° f om the Lister Institute’s stock. The examination wms earned 
^^T^dth the intravital microscope [EUinger and Hirt, 1929 a, 1930 &]. 

recently captured and kept cold in the dark with access to 
s water but without food, weighing about 20-30 g., were prepared 
running ^ pomo investigation by percutaneous urethane anaesthesia, 
for the micro -n-ere kept on a mixed diet: oats, wheat, 

Rats weighing lOU-zoo g. 
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Results, 

Exi^mments on Frogs. 

The results obtained on untreated frogs (8 experiments) are very 
similar to those obtained by Ellinger and Hirt [1929 a] on summer 
frogs (German Sana escuhnta) in Heidelberg, and by Ellinger [1934 a, 
1940] on Hungarian Sana csculenta in this country during all seasons. 
Only a certain proportion of the glomeruli were active, and changes 
in activity of the glomeruli were not frequent. There was, however, 
a considerable change in the activity of the various intraglomerular 
capillaries. Spontaneous fluorescent lyochromes [Ellinger, 1938] were 
plentiful in the epithelial cells of the proximal tubules as well as in the 
capsules of active glomeruli and in the lumen of tubules derived from 
them. 

Fluorescein was seen 1-2 min. after its injection into the leg lymph 
sac in the renal arterioles, where it fluoresced with a distinct greenish 
tint corresponding to pH 7-5-7-0.^ Immediately afterwards the 
capsules of the active glomeruli became brighter with the same greenish 
tint (pH 7'5-7-0) (c/. fig. 1). About 2-4 min. after the injection the 
lumen of the proximal tubules became bright uith a yellowish tint 
(about pH 6-0), and from these the djm penetrated into the epithelial 
cells, which fluoresced with greenish yellow light (about pH 6*5) (c/. 
fig. 2). The dye was more concentrated in the lumen of the proximal 
tubules than in the glomerular capsules, and became even more so 
when, about 5-7 min. after injection, it appeared in the lumen of the 
distal tubules with an intense yellow fluorescence (about pH 5*5), 
while their epithelial cells took up little stain with a greenish-yellow 
fluorescence (about pH 6-5-6*0) (c/. fig. 1). Seven to fifteen minutes 
after the injection the lumen of the collecting tubules and ureter 
fluoresced brightly with yellow light (pH 5-5-5-0). About half an 
hour after the injection, or later, the nuclei of the epithelial cells were 
stained in the collecting tubules, and some of the dye was separated in 
larger aggregates in their cytoplasm. The changes were observed only 
m tubules derived from active glomeruli, those connected with inactive 
glomeruli remaining unstained. The picture described lasted about 
1-3 hr., depending on the amount of fluorescein injected (0-5-1 mg.) 
and on individual differences in the kidney function. The staining of 
the epithelial cells of the collecting tubules, however, remained un- 
changed for 10 hr. and more. The photomicrographs 1 and 2 were 
taken when the elimination of fluorescein of the Iddney was at its height, 
about 20 min, after its injection. 

^ Small individual variations in the pH of the corresponding parts of the kidne5''s 
were observed in animals treated in the same maimer before or during the experi- 
ment. The data given represent the extreme values found for the pH of the 
particular tissue, etc. 
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available in the summer 1939, Koda- 
ype A proved to be the most suitable for the purpose It 
reqmres only short exposure and is highly sensitive JX and 
green rays, the predominant colours in fluorescein fluorescence. Por 
essent^i^^ repro uc ion of the original colour tint accurate exposure is 
essential Determination of the latter is difficult, since at present no 
p otometer exists lyhicli permits measurement of the light intensity 
a uorescence microscopic picture, and visual estimation is likely 
to involve errors owing to the heavy contrasts in the image. Under 
cer am circumstances this difficulty can be overcome by the aid of a 

j . same colour sensitivity and of known 

+^^+1 ’ ys exposure for the colour film is then adjusted in proportion 
to the relative speeds of the two films. Panatomic X Film (Kodak) 
was use or t is purpose. This procedure is suitable only if little or 
^ occurs in the microscopic image. In studying the function 

o a ivmg organ, however, the picture and the intensity of the illumina- 

visual estimation of 

le ig 1 in ensity. It is then advisable to make three or four exposures 
° rpu microscopic picture in the ratios of one, two, four, eight. 

e CO our film is far more sensitive to ultraviolet and short \dolet 
rays tlian to those of longer wave-lengths, and even traces of ultra- 
rays will spoil entirely the proper reproduction of the colours. 
It IS therefore essential to exclude the slightest trace of the primary 
source of light which might be reflected back from the surface of the 
objert from passing into the camera. This can be achieved by the use 
of adequate trap filters of sufiicient thickness. When choosing the 
filters the ^ectral sensitivity of the emulsion must be taken into 
accoim . ( I ter GG 11, 2-3 mm. thick, Jenaer Glaswerk Schott 
und Gen., has proved suitable; it is impermeable to all rays shorter 
than 450 m/x, and fully permeable for all rays longer than 600 nip.) 

Great care has to be taken in fixing the object sufficiently without 
interfering with its function and its blood-supply. Frequently it is 
extremely difficult to avoid slight movements of the object caused by 
pulsation of the heart or respiratory movements of the lungs w'hich 
make photomicrography impossible; sometimes even the pulse-wave 
in the arteries of the organ may spoil the photograph. Since the 
surface of the object is generally not plane, and any procedure to render 
it plane may spoil its function and is therefore to be avoided, often 
■only one portion of the photograph can be focussed accurately. 

It might be stressed that in intravital microscopy photomicrograpliy 
cannot replace visual observation by which different levels iiiav be 
examined in such rapid succession that they provide a three-dimensional 
image. The value of colour photomicrography, however, is that it 
provides an objective record of the colour tints of the object. 
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Fluorescein injected into tlie peritoneal cavity was seen almost 
immediately in the renal capillaries and nearly simultaneously in the 
capsules of active glomeruli with the same green fluorescence (pH 7-5- 
7-0) (fig. 4). Very soon afterwards, the dye appeared in the lumen 
and epithelium of the proximal tubules. The colour of tlm fluorescence 
in both lumen and epithelium varied from green (pH about 7-0) to a 
slightly yellowish green (pH about G-5-C-2) (fig. 5). The former tint 
was observed when the pH of the bladder urine Avas above G-0, the 
latter when the bladder urine Avas more acid. This acidity Amried 
indmdually, and' seemed to depend on metabolism and diet; slightly 
acid bladder urine of pH around G-5 was most commonly observed. 
The dye aa'ss slightly more concentrated in the lumen of the proximal 
tubules than in the glomerular capsules, and aa'us still more so in the 
lumen of the distal tubules, where it appeared about 2-5 min. after 
the injection. The colour of the lumen of the distal tubules indicated 
to a pH of betAveen 0-5 and 5-5; and the same tint AAms observed, but 
more faintly, in their epithelium (fig. 4). This staining began to fade 
in 30 min. to 3 hr. after the injection according to the dose of fluor- 
escein (0-5-1 mg.). The staining disappeared from the glomeruli, the 
lumen of the proximal and of the distal tubules, the epithelium of the 
distal and of the proximal in this order. 

Three rats which had been given ammonium chloride for tAvo to 
three days showed under the microscope a slightly decreased number 
of active glomeruli in comparison with untreated rats, but the spon- 
taneous fluorescence of lyochromes appeared unchanged. When 
fluorescein was injected into the peritoneal cavity of such rats no 
marked differences could be observed in the time of the staining of the 
various parts of the kidney and of the elimination of the dye. The 
tint of the fluorescence in the blood capillaries and in the glomerular 
capsules was the same as in normal rats (pH 7- 5-7-0) ; but in the 
lumen and the epithelium of the proximal tubules a more yelloAv tint 
was observed (pH 6-5-6-0) (fig. 6) and a far brighter and more brilliant 
yeUoAv colour (pH 6-5-5-0) was seen in the lumen and epithelium of the 
distal tubules. After 1-2 hr. the staining disappeared in the same 
order as in untreated rats. 


Discnssiois. 

The results described above and the colour photomicrographs 
(figs. 1 and 2) show that in normal summer frogs (English Rana tem- 
poraria) after the injection of fluorescein the preliminary urine fluoresces 
with a green tint in the glomerular capsules, Avdth a greenish-yelloAv tint 
in the lumen of the proximal tubules, and Avith a yellow tint in the 
lumen of the distal and collecting tubules and ureter. After either 
an acute or a more prolonged administration of alkali the colour of the 
fluorescence changes into a green tint in the lumen of the proximal 
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Three frogs were treated with sodium carbonate (up to 5 ml. one 
per cent.) and sodium bicarbonate (up to 5 ml. one per cent.) solution, 
when the ebmination of fluorescein was at its height. The fluorescence 
in the lumen and epithelium of the proximal tubules became gradually 
more greenish in colour, the change being more pronounced in the 
lumen than in the epithelium. After 30-40 min. the tint in the lumen 
was the same as that in the glomerular capsule (pH 7-5-7-0) (fig. 3). 
The ehange of colour was, however, so gradual that it was impossible 
to decide whether it occurred earlier in the epithelium or in the lumen. 
The tint of the fluorescence in the lumen of the distal tubules and of the 
lower urinary tract became also more greenish (pH 6-0-6-o). The 
staining of the epithelium of the distal tubules slowly faded, hut the 
colour of the collecting tubules did not change greatly. When only 
small amounts of sodium carbonate and bicarbonate solutions (1-2 ml. 
one per cent.) were injected, the colour change was less complete 
and was entirely reversible ; but the reverse change was again so gradual 
that it could not be decided whether the epithelium or the lumen 
changed colour first. When larger amounts or more concentrated 
solutions of alkali were injected the kidney function was damaged. 

Three frogs were prepared by previous administration of sodium car- 
bonate and sodium bicarbonate. When the kidney was examined no 
marked differences could be observed in the lyochrome fluorescence in 
comparison with that of untreated frogs. The number of active glomeruli, 
however, seemed to be slightly increased. When fluorescein ivas 
injected it was traced in the renal arterioles and the glomerular capsules 
after about the same time interval and with the same tint of fluorescence 
(pH 7-5-7-0) as in untreated frogs. There was also no marked differ- 
ence in the time elapsing before fluorescence appeared in the lumen of 
the lower parts of the urinary tract. But the green tint of the fluores- 
cence in the proximal tubules was almost the same as in the glomerular 
capsule (pH 7-5-7-0). The tint of the fluorescence of the epithelium 
had the same or a slightly more yellowish tint than that in the lumen. 
There was little or no change of the green fluorescence during the 
passage of the urine through the proximal tubules; but the colour 
became more yellow (pH 6-5-6-0) in the distal third of the distal tubules, 
and remained so in the collecting tubules and the ureter. The 
epithelium of the distal tubules did not take up any stain; that of the 
collecting tubules fluoresced in a greenish yellow tint (pH 6-0). The 
1 e seemed to be less concentrated in the lumen of the distal tubules, 
but to be eliminated rather more quickly than in normal frogs. 


Experiments on Rats. 

rru ilts of experiments on seven untreated rats confirmed those 
pjousty described by Ellinger [1934 6, 1940], 
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not more acid than pH 6-0. Tho urine in tlie bladder of summer frogs 
in the experiments of Ellinger and Hirt [1929 b], Fllinger [1934 a, 1940], 
and in those now reported, was far more acid [between pH 5-/5 and 
4-5]. The results of experiments carried out by Montgomery and 
Pierce [1937] on artificially perfused surviving kidneys of frogs cannot 
be accepted as convincing, since Ellinger and Hii't [1929 b] have shown 
that the artificial!}^ perfused frog’s kidney differs uonsidorably from that 
of a living frog with regard to its staining with fluorescein and tho pH 
of its different portions. 

In winter frogs in Germany [Ellinger and Hirt, 1930 a] and in frogs 
treated with alkali the urine in the lower tubules was far less acid 
(pH 6-5-6-0), and under these circumstances no acidification occurred 
in the proximal tubules, a result in accordance with those reported by. 
Montgomery and Pierce and by Richards. It might therefore be 
assumed that the findings of these investigators are due to the fact that 
the experiments were carried out by chance with animals whose urine 
for some reason did not become strongly acidified. This conclusion 
seems the most probable, since the very carefully performed experi- 
ments of McMaster and Elman [1928] on rats’ kidneys, with litmus as 
indicator, suggest that the acidification occurred only in the distal 
tubules if the ultimate acidification of the urine was slight, but occurred 
in the proximal as well as in the distal tubules if the urine of the bladder 
was intensely acidified. 

Montgomery and Pierce [1937] quote a paper by Bensley and Steen 
[1928] in order to show that these authors’ findings were not in agreement 
with results of Ellinger and Hirt [1930 a] that acid is excreted through 
the epithelium of the proximal tubules of winter frogs if the glomerular 
function is abolished by ligature of the renal arteries. The method 
used by Bensley and Steen is open to criticism. Moreover, their results 
that phenol-red is discharged as a pale-red solution into the convoluted 
tubules, after arterial supply has been stopped, and is carried along to 
the distal tubules, where it is much concentrated and w^here the colour 
is deepened, are in contradiction with those of Montgomery and Pierce, 
W’ho observed acidification and not alkalinisatiou in the distal tubules. 
Administration of alkali to English frogs produced a condition similar 
to that usually found in winter frogs in Germany [Ellinger and Hirt, 
1930 a]. The only noteworthy difference is that in the latter the 
epithelial cells of the proximal tubules are more acid than in the 
former. 

It may be noted that the results obtained in the present experiments 
with Eana temporaria are in agreement with those previously obtained 
in this country on Hungarian Eana esculenta. 

The urine of rats kept on a mixed diet is less acid than that of 
normal frogs. The acidification occurs predominantly in the distal 
tubules. The content of the lumen of the proximal tubules is at most 
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tubules (fig. 3), and into a more greenish yellow in the lumen of the 
lower urinary tract. In rats kept on a mixed diet the results are 
similar, but the colour of the fluorescence in the tubular lumen is 
generally more green than in normal summer frogs (figs. 4 and 5). In 
rats to u'hich ammonium chloride has been administered the fluorescence 
approximates more closely to that in normal frogs (fig. 6). 

In vitro, the colour tint of a fluorescein solution depends entirely 
on the pH of the solvent. No other cause is known for a change of 
the tint of the fluorescence. Organic impurities and neutral electrolytes 
impair the intensity of the fluorescence, but do not alter the wave-length 
of the emitted light. Further, in very dilute solutions the intensity 
of the fluorescence bears a definite relation to the concentration of 
fluorescein. We may therefore conclude that the tint of fluorescence 
observed in living tissues indicates the pH of the tissue fluids, particu- 
larly since the colour changes observed in vivo after preliminary^ adminis- 
tration of acid and alkali to the animals correspond with those observed 
hi vitro; the intensity of the fluorescence points to the concentration 
of the dye present in the various parts of the microscopic object. 

The colour photomicrographs thus give evidence that in summer 
frogs a preliminary urine is eliminated in the glomerular capsule of the 
same pH as that of the blood plasma. The preliminary urine is acidified 
to a certain degree in the proximal tubules. Both findings are in 
complete agreement with the results of EUinger and Hirt [1929 b] on 
German Sana esculenta in summer, and with those of EUinger [1934 a, 
1940] on Hungarian Sana esculenta at aU seasons in England; the 
second, relating to the proximal tubules, appears to be entirely opposed 
to the results of Montgomery and Pierce [1935, 1937] and of Richards 
[1938]. This contradiction may, however, be only apparent. Mont- 
gomery and Pierce, and Richards made no experiments with the method 
or with the species of amphibians used by Ellinger and Hirt, while the 
two species used by the American authors were not available in this 
country nor was it possible to use their method of checldng the pH in 
Necturus. Fluorescein was chosen in preference to phenol-red as 
indicator on account of its wide range and of its visibility in very low 


concentrations. 

Phenol-red, as used by Montgomery and Pierce [1935, 1937] in their 
experiments on Sana pipiens, does not allows the estimation of acidities 
sreater than pH 6-8. These authors were thus unable to supply data 
for the actual pH of the bladder urine in those experiments in which 
the acidification of urine in the tubules was examined. Findings of 
TT betw'een 7-0 and 4-6 for the bladder urine of these animals are 
^ foned but presumably refer to other experiments. In their 
^ ■ nts on Necturus maculosus direct measurements of the pH 

experi other methods in the lower urinary tract, and it is evident 

were m ^ experiment reported the urine in the bladder ivas 
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not more acid than pH C-0. The urine in the bladder of summer frogs 
in the experiments of Ellinger and Hirt [192!) b], Ellinger [1934 a, 1940], 
and in those now reported, was far more acid [between pll 0-5 and 
4-5]. The results of experiments carried out by Jlontgomcry and 
Pierce [1937] on artificially perfused surviving kidneys of frogs cannot 
be accepted as convincing, since Ellinger and Hirt [1929 6] have shown 
that the artificially perfused frog’s kidney differs considerably from that 
of a living frog with regard to its staining with fluorescein and the pH 
of its different portions. 

In winter frogs in Germany [Ellinger and Hirt, 1930 a] and in frogs 
treated with alkali the urine in the lower tubules was far less acid 
(pH 0'6-6-0), and under these circumstances no acidification occurred 
in the proximal tubules, a result in accordance with those reported by, 
Montgomery and Pierce and by Richards. It might therefore be 
assumed that the findings of these investigators are due to the fact that 
the experiments were carried out by chance with animals whose urine 
for some reason did not become strongly acidified. This conclusion 
seems the most probable, since the very carefully performed experi- 
ments of McMaster and Elman [1928] on rats’ kidneys, with litmus as 
indicator, suggest that the acidification occurred only in the distal 
tubules if the ultimate acidification of the urine was slight, but occurred 
in the proximal as well as in the distal tubules if the urine of the bladder 
was intensely acidified. 

Montgomery and Pierce [1937] quote a paper by Bensley and Steen 
[1928] in order to show that these authors’ findings were not in agreement 
with results of Ellinger and Hirt [1930 a] that acid is excreted through 
the epithelium of the proximal tubules of uunter frogs if the glomerular 
function is abolished by ligature of the renal arteries. The method 
used by Bensley and Steen is open to criticism. Moreover, their results 
that phenol-red is discharged as a pale-red solution into the convoluted 
tubules, after arterial supply has been stopped, and is carried along to 
the distal tubules, where it is much concentrated and where the colour 
is deepened, are in contradiction with those of Montgomery and Pierce, 
who observed acidification and not alkalinisation in the distal tubules. 
Administration of alkali to English frogs produced a condition similar 
to that usually found in wdnter frogs in Germany [Ellinger and Hirt, 
1930 a]. The only noteworthy difference is that in the latter the 
epithelial cells of the proximal tubules are more acid than in the 
former. 

It ma}’^ be noted that the results obtained in the present experiments 
with Eana temporaria are in agreement wdth those previously obtained 
in this country on Hungarian Rana esculenta. 

The urine of rats kept on a mixed diet is less acid than that of 
normal frogs. The acidification occurs predominantly in the distal 

u ules. The content of the lumen of the proximal tubules is at most 
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tubxiles (fig. 3), and into a more greenish yellow in the lumen of the 
lower urinary tract. In rats kept on a mixed diet the results are 
similar, but the eolour of the fluorescence in the tubular lumen is 
generally more green than in normal summer frogs (figs. 4 and 5). In 
rats to which ammonium chloride has been administered the fluorescence 
approximates more closely to that in normal frogs (fig. 6). 

In vitro, the eolour tint of a fluorescein solution depends entirely 
on the pH of the solvent. No other cause is knoum for a change of 
the tint of the fluorescence. Organic impurities and neutral electrolytes 
impair the intensity of the fluorescence, but do not alter the wave-length 
of the emitted light. Further, in very dilute solutions the intensity 
of the fluorescence bears a definite relation to the concentration of 
fluorescein. We may therefore conclude that the tint of fluorescence 
observed in living tissues indicates the pH of the tissue fluids, particu- 
larly since the colour changes observed in vivo after preliminary adminis- 
tration of acid and alkali to the animals correspond with those observed 
in vitro', the intensity of the fluorescence points to the concentration 
of the dj'e present in the various parts of the microscopic object. 

The colour photomicrographs thus give evidence that in summer 
frogs a preliminary urine is eliminated in the glomerular capsule of the 
same pH as that of the blood plasma. The preliminary urine is acidified 
to a certain degree in the proximal tubules. Both findings are m 
complete agreement mth the results of Ellinger and Hirt [1929 6] on 
German Bana esculenta in summer, and with those of Ellinger [1934 a, 
1940] on Hungarian Bana esculenta at aU seasons in England; the 
second, relating to the proximal tubules, appears to be entirely opposed 
to the results of Montgomery and Pierce [1935, 1937] and of Richards 
[1938]. This contradiction may, however, be only apparent. Mont- 
gomery and Pierce, and Richards made no experiments with the method 
or with the species of amphibians used by Ellinger and Hirt, while the 
two species used by the American authors were not available in tins 
country nor was it possible to use their method of checldng the pH m 
Necturus. Fluorescein was chosen in preference to phenol-red as 
indicator on account of its wide range and of its visibility in very low 


concentrations. 

Phenol-red, as used by Montgomery and Pierce [1935, 1937] in their 
experiments on Bana pipiens, does not allow the estimation of acidities 
sreater than pH 6-8. These authors were thus unable to supply data 
for the actual pH of the bladder urine in those experiments in which 
the acidification of urine in the tubules was examined. Findings of 
IT betw'cen 7‘0 and 4-6 for the bladder urine of these animals are 
^ entioned but presumably refer to other experiments. In their 
'ments on Necturus maculosxts direct measurements of the pH 
ade by other methods in the lower urinary tract, and it is evident 
were m experiment reported the urine in the bladder was 
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• EXPLANATION OF PLATE I. 

ITios. 1-C. — Colour photomicrogrtipliB of living kidneys. Magnification; 'figs. 1-4 
and C, x208; fig. 5, x400. Eyopioco: photo 4 x (Zeiss). Objcclivo: figs. 1-4 and C, 
W.I. 39, mini. Ap. 1-10; fig. 5, E.-H. 75, nnm. Ap. 1-15; both special lon'sos for intravital 
microscopy (Zeiss). Camera: Loica (reducing tho magnification to 1/3). The photographs 
have been aftenvards enlarged 4 times. Filters of tho primary light sourco; Copper 
sulphate solution 10 per cent, +U.G.1, 1 mm. (Schott), Trap filters: G,G,11, 2, mm,' 
(Schott). Film: Kodnehromo X. 

Fio 1 . — Eana iemporaria, 3, kidney, ventral side, 20 min. after injection into a lymph 
sac of 0‘5 mg. fluorescein in 0-5 ml. Kingcr’s solution. Active glomeruli (A) with green 
capsule (Al) (pH 7-2) and dark capillaries (A2). Some distal tubules derived from 
octive glomeruli (B) with narrow yellow opitholium (B 1) (pH C'2) and narrow very bright 
yellow lumen (B 2) (pH 5-5). Some dark green voinal capillaries (C). Exp., 90 secs. 

Fig. 2. — flatin iemporaria, 3, kidney, dorsal side, 22 min. after injection into a lymph 
Bao of O'O mg, fluorescein in 0-5 ml. Kinger’s solution. Proximal tubules (A) with broad 
green-yellow epithelium (A 1) (pH 6'6) and very broad yellow lumen (A 2) (pH 0-0). 
Between tho tubules darker green vcinal capillaries (B). Exp., 2 min. 

Fio. 3 , — liana iemporaria, 3, same frog as in fig. 2, dorsal side, same region as in fig. 2, 

1 hr. 5 min. after photograph 2 was taken and 1 hr. after tho introstomachal administra- 
tion of 6 ml. of a one per cent, sodium carbonate solution ond the simultaneous injection of 
S ml. of a one per cent, sodium bicarbonate solution into a leg lymph sac. Proximal tubules 
(A) with broad green epithelium (A 1) (pH 7*2) and very broad green to yellow-green lumen 
(A 2) (pH 7*0). Between tho tubules darker green vcinal capillaries (B). Exp., 2 min. 

Fio. 4,-— Rat, kidney, surface, 20 min. after intraperitoneal injection of 1 mg. fluorescein 
'in 1 ml. Ringer’s solution. Proximal tubules (A) green to yellow-green epithelium (A 1) 
and lumen (A 2) (pH 7-0). Tho tubules derived from inactive glomeruli are dark (B). 
Between the tubules dark green blood capillaries (C). Exp., 5 min. 

Fig, 5. — ^Rat, kidney, after shaving off tho siu-face, 30 min, after intraperitoneal 
injection of 1 mg. fluorescein in 1 ml. Ringer’s solution. Glomerulus (A) wdth bright 
green capsule (A 1) (pH 7"2) and dark capillaries (A 2), distal tubules (B) with greenish 
yellow epithelium (B 1) (pH 6-5) and yellow lumen (B 2) (pH fi-O). Some proximal 
tubules (C) with green epithelium (C 1) and lumen (C 2) (pH 7-1) and dark green inter- 
tubular capillaries (D). Exp., 3 min. 

Fig. 6. — ^Rat, treated daily for 3 days with 1 g. ammonium chloride administered in 
little water with a stomach-tube. Kidney, surface 25 min. after intraperitoneal injection 
of 1 mg. fluorescein in 1 ml. Ringer’s solution. Proximal tubules (A) with greenish-yellow 
epithelium (A 1) (pH 6-5) and lumen (A 2) (pH 6-2). The tubules derived from inactive 
glomeruli are dark (B). Dark green intertubular capillaries (C). Exp., 4 min. 
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that this process might he involved in the mechanism of acidification 
of the urine. 

SUMMAKY. 

1. A method has been described by which objective records can be 
obtained of the pH present in cells and body fluids of living organs 
by liaking colour photomicrographs of the fluorescence of ’ fluorescein 
injected into the animals. 

2. By means of this method it has been demonstrated that in the 
kidneys of frogs and rats the urine eliminated into the glomerular 
capsules is of the same acidity as the blood plasrua. This preliminary 
urine is acidified exclusively in the distal tubules if the ultimate acidi- 
fication is moderate, but in both proximal and distal tubules if the 
acidification of the bladder urine reaches a higher degree 

3. The mechanism of this acidification is discussed, and it is sug- 
gested that the acidification is caused probably by absorption of alkali 
in both sets of convoluted tubules from the content of the lumen. 

I wish to express my thanks to the Lister Institute for hospitality and for 
a grant enabling the reproduction of the colour photomicrographs, to the 
Society for the Protection of Science and Learning for a Research Fellowship, 
and to the EUa Sachs Plotz Foundation for a grant for technical assistance. 
I am very much indebted to Professor R. Robison for his assistance in the 
preparation of the manuscript. 
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only slightly more acid than that of the capsules. Administration of 
ammonium chloride leads to formation of a far more acid bladder 
urine, and in these animals acidification occurred in both proximal and 
distal tubules. 

The site of acidification of urine is, therefore, the same in both 
frogs and rats. It occurs exclusively in the distal tubules if the ultimate 
acidification of the urine is slight, but in the proximal tubules also if 
the bladder urine is more acid. 

It may finally be considered to what extent do these experiments 
throw light on the mechanism of acidification of the urine. EUinger 
and Hirt [1929] assumed from the order in which injected fluorescein 
appeared in the lumen and epithelium of the proximal and distal 
tubules that the acidification Avas due to the reabsorption of alkaline 
components in the tubules. But no direct evidence was furnished 
for this assumption. If the body is suddenly overloaded Avith acid by 
the injection of large amounts of acid salts, either intravenously or into 
the lymph sac, an acid urine is excreted very rapidly tluougb the 
epithelium of the proximal tubules [Elhnger and Hirt, 1931; EUinger, 
1934 a, 1940]. This rapid excretion can be foUoAA'ed directly. This 
excretion, however, cannot be the mechanism in use for the normal 
moderate acidification of urine in both conAmluted tubules, since its 
repeated call into action is harmful for the epithelium involved [EUinger, 
1940]. Tlie results observed after administration of alkali do not 
furnish any information Avith regard to this question. 

Another fact makes it probable that the acidification of the urine 
in normal frogs and rats, in both convoluted tubules, is due to the 
reabsorption of alkaUne components. In polymria the urine has 
frequently been found more alkaline than in oliguria or under normal 
conditions. For example, this was found to be the case in rabbits 
fed exclusively with sugar solutions by McMaster and Elman [1928], and 
particularly by Rohde and EUinger [1913] and EUinger and Rohde 
[1921], who showed in dogs and rabbits that the urine eliminated by 
a denervated kidney was more plentiful and more alkaline than that 
of the intact kidney of the same animal. This phenomenon can only 
be explained by the diminished reabsorption of alkali in consequence 
of the accelerated passage of the glomerular urine through the con- 
voluted tubules. An excretion of alkali in the convoluted tubules 
cannot be the cause, since, as EUinger and Hirt [1931] have shown, the 
epithelial membranes of the convoluted tubules are impermeable to 
alkaU in the direction from blood to lumen. 

The present experiments thrcAv no light upon the role which the 
renal formation of ammonia plays in the regulation of the urinary 
'd The formation of ammonia in the kidney AA^as first observed by' 
Nash and Benedict [1921, 1922], and Avas found by EUinger and Hirt 
[1925] to be gOA'erned by sympathetic nerves, a fact which suggests 



THE INFLXJENOE OF GORAMINE ON CIRCULATORY CAROTID 
SINUS REFLEXES.^ By Reiniiabb Muller. From the 
Ciba Research Laboratories. 

(Rccciucd/or puhUeation Tllh November 1939.) 


Carotid sinus reflexes are utilised to determine the extent to which 
nervous control of circulatory function is involved in circulatory changes. 
This work was especially promoted by Heymans and Koch and their 
co-workers. Palme [1936] has constructed special diagrams to evaluate 
the effect of central stimulating drugs on the reflexes which come into 
operation as a result of a rise of carotid sinus pressure. The influence 
of Coramine on the increase in blood-pressure produced by closure of 
both common carotids has been investigated for the first time recently 
by Kayser [1938]. Cats used for the experiments were poisoned with 
carbon monoxide. Instead of rising in the normal manner, the blood- 
pressure fell after clamping off the two carotids in these animals. If 
Coramine was given the reflex returned to normal and there was a rise 
in blood-pressure, i.e. the reversal of the reflex which had been produced 
by carbon monoxide was counteracted by Coramine. In interpreting 
the results, Kayser [1938] expresses the opinion that Coramine, in 
addition to its specific action on the autonomic centres, has a vasodilator 
action on the cerebral blood-vessels and hence compensates the cerebral 
anoxaemia which has been intensified by clamping off the carotids. 
The anoxaemia produced by carbon monoxide is assumed to have 
irritated the vagal centre and hence to have caused the reversal of the 
reflex. 

Our experiments were concerned with the action of Coramine in the 
narcotised animal both on the blood-pressure-raising carotid sinus 
reflex, which originates through clamping off the two common carotids, 
and on the blood-pressure-decreasing carotid sinus reflex, which is 
brought about by artificially increasing the blood-pressure in the carotid 
sinus isolated from the circulation. 

The experiments described below were carried out on 66 rabbits 
and 10 cats. Urethane was used as narcotic. We would mention that 
the carotid sinus reflex varies in strength to an extraordinary degree 
in cat experiments. Furthermore, we succeeded only with difficulty 

^ The results given here in detail were communicated briefly to the Congress of 
Physiology in Zurich, 1938. 
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those described in the table. All our experiments took a similar course 
so that a further series was not deemed necessary. The table and fig. 1 
show that the reflex fall in blood-pressure due to a rise of sinus pressure 
is diminished after the injection of Coramine during the increase of the 
blood-pressure, but more or less enhanced during the period when the 
elevated blood-pressure returns to its normal level. 


Table I. — Cabotid Sinus Peessube Reflex in Rabbits befobe and 
AFTER 00 MG./KG. CoRAJUNB. 

JSeflex produced by raising pressure in one Carotid Sinus to 250 mniTig. 


Curve 

No. 

Fall of blood- 
pressure in 
mmHg 
before the 
injection 
(average 
of 3-10 
experiments). 

Fall of blood-pressure in mmHg after the injection. 

1'. 

2'. 

3'. 

4'. 

6'. 

7'. 

10'. 

12'. 

16'. 

20'. 

25'. 

30'. 

309 

34-5 

3 

3 

11 

22 

24 

37 

67 

42 

41 

35 

25 

22 

312 

31-0 

11 

17 

24 

34 

34 

jail 

88 

81 

84 

72 

59 

46 

315 

66-0 

31 

29 

41 


62 

77 

71 

77 

72 

61 

49 

60 

317 

25-5 

38 

78 

72 

82 

89 

123 

51 

18 

46 

Mil 

52 

50 

327 

34-0 

6 

9 

9 

9 

8 

11 

17 

12 

13 

6 

5 

Kl 

336 

26-6 

9 

24 

27 

gni 

23 

18 

50 

20 

26 

37 

24 

48 

337 

10-6 

6 

6 

3 

4 

5 

19 

45 

39 

41 

56 

61 

50 

342 

35-5 

35 

20 

35 

45 

48 

54 

53 

28 

48 

46 

39 

52 


The carotid sinus pressure reflex is characterised by a fall of blood- 
pressure from its main level to the so-called residual blood-pressure 
as a result of an artificial increase of pressure in the carotid sinus. 
Hering [1927] attaches particular importance to this residual blood- 
pressure. A marked increase in this residual level was observed after 
Coramine, and this is the reason that only a quite inconsiderable decrease 
of the increased main level can be obtained within the first 5 minutes 
by the reflex. Rig. 1 shows parts of an original curve. 

During the time that the blood-pressure begins to fall to its normal 
level there occurs an intensified action of the reflex which can be 
interpreted as a predominance of the physiological regulation over 
the action of the medicament. In single cases there can exist an 
increased reflex from the beginning of the experiment. The reason 
for this finding is perhaps that in these animals the blood-pressure is 
raised by Coramine considerably more than in animals with intact 
presso-receptor nerves. The blood-pressure is therefore excessively 
increased and the fall in blood-pressure produced by the reflex becomes 

correspondingly greater. The restraining action of Coramine on the 
VOL. XXX., NO. 3.— 1940. i/; 
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in narcotising the cats anything like uniformly with the same doses of 
urethane. In dogs, the aortic nerve runs in the so-called vago- 
sympathetic, and this nerve is therefore generally severed on both sides 
by other authors in their experiments. The elimination of the aortic 
nerves is necessary for the majority of experiments according to Bering, 
Koch, and He 3 nnans. We did not, however, undertake such a procedure 
as it would certainly have cut out a large part of the autonomic nervous 
system which supplies the thorax and its organs. 


Carotid Sinus Pressure Reflex with CoBAraNE. 

Method . — The preparation of the carotid sinus was carried out by 
the method described by Koch. The aortic nerves were severed in 
order to maintain exclusively the reaction of the carotid sinus. For 
anatomical reasons mentioned above this is most safely carried out on 
the rabbit. The animals were narcotised with PO g./kg. urethane 
subcutaneously. In all experiments reflex action was produced by 
suddenly raising the carotid sinus pressure to 250 mmHg, at which 
level it was maintained for 15 seconds. The choice of these experi- 
mental conditions offers, in the opinion of authoritative workers, the 
best means of studying the physiology of the carotid sinus [Koch, 1931]. 
As optical methods were used for the registration of the results, we have 
always been able to register a number of factors on the same animal 
[Meier and Muller, 1938 a]. The arterial pressure in the carotid artery 
opposite the prepared carotid sinus was registered, as weU as the venous 
pressure in the external jugular vein and the vena cava. In the latter 
the registration cannula was inserted through the external iliac vein 
into the lower part of the inferior vena cava. Trendelenburg’s [1921] 
counter-current apparatus and 50-60 mg. of Heparin were used per 
animal to prevent coagulation of blood in the cannulse. As fluid for 
the Trendelenburg apparatus we used 0-9 p.c. NaCI instead of N/BNajCOa 
solution, as the alkali often has a disturbing influence. AU pressures 
both of liquid and gases were registered by means of glass plate 
manometers. In the majority of cases other factors were registered, 
t e. the respiratory volume, the movement of the diaphragm, and the 
pressures in the body cavities. This was done with a view to obtaining 
as far as possible a complete record of the respirator 3 >^ and circulatory 
responses. As this question will not be further discussed in tliis com- 
munication, the arrangement is not described in detail; it is analogous 
generally to the one described in an earlier paper [Meier and Muller, 

1938 

Experimental Results.— The results of the experiments, as far as 
thev concern arterial blood-pressure, are summarised in Table I. The 
t ble gives the figures obtained from eight experiments. A further 

liminary experiment was for various reasons not so complete as 



Influence of Coramine on Circnlatory Carotid Sinus Reflexes 223 

presso-receptor nerves, and it may be mentioned that a stabilisation of 
the blood-pressure is in general effected by Coramine. 

We see, therefore, that in the animal deprived of carotid sinus and 


Rabbi! Curve Ml JI7 



Fio. 2. — Graphic summary of experiment No. 317, rabbits, sinus pressure 
reflex. Marked increase of the initial pressure after Coramine. Increased 
reflex action, nevertheless marked and prolonged increase in the residual blood- 

pressure. 

The circles on the curves indicate points at which the reflex was elicited. 

Rabbit 

mmHq 



Fig. 3. — Graphic summary of an experiment without using Coramine; sinus 
pressure reflexes induced repeatedly during half-hour. Release of a reflex at 
the beginning of every minute. Later at the beginning of every third minute. 


aortic nerves, the significance of the Coramine action is to be found less 
in the fact that it increases the blood-pressure to a greater extent than 
in the normal animal, than in the fact that the residual hlood-pressnre 
is quite considerably increased during the carotid sinus pressure reflex 
compared with normal. 
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carotid sinus reflex can, nevertheless, be recognised also in these cases 
through tlie fact tliat tJie reflex does not produce a fall of the blood- 
jjressure to the normal residual level. The residual blood-pressure, 
tlierefore, is also distinctly elevated by the action of Coramine in these 
experiments. The importance of the phenomena described lies not 
only in the absolute value of the blood-pressure decrease produced hj 
the reflex, but in the fact that the residual blood-pressure remains at a 



Fig. 1. — Sections of the original curve of experiment No. 337, rabbit Sinus 

pressure reflex. 

Section A : Reflex action on narcotised animal tested at each arrow , increase 
of blood-pressure after Coramine and almost complete suppression of the reBe\ 
high residual blood-pressure. 

Section B: Increased reflex during the phase of the falling blood-pressure, 
initial and residual blood-pressure in comparison to those of the normal con 
siderably increased, 12th, 15tli, and 30th mmutes, 

1. Arterial blood-pressure. 

2. Line of measurement. 

3. Pressure m the jugular vein. 

4. Pressure m the vena cava inferior. 

The figures abo\e the carotid artery -pressure denote pressure in mmHg. 


hisher level during the whole duration of the experiment. This is most 
clearly seen from the experiment reproduced in fig. 2, in which the 
rieinal blood-pressure had, after a strong increase, become fairly lo'V 
b the 12th minute after injection. The curve of the residual blood- 
uLssure nevertheless runs uniformly at a higher level than normal. 

^ As proof that these alterations produced by Coramine do not occur 
ntaneously, the reflex was elicited in an animal for 30 minutes and 
fbe^reparation remained unaltered, as shown in fig. 3. It is a remark- 
f t that the main blood-pressure shows variations in the same 
able residual blood-pressure. However, such irregularities are 

pected in an animal which has been deprived of the principal 




Fig, 4. — Sections of the original curves of experiment No, 480, rabbit, carotid 

occlusion reflex. 

Section A : Normal occlusion reflex of the narcotised rabbit. 

Section B : Occlusion reflex within the 2nd and 5th minutes after injection of 
60 mg./kg. Coramine, with retention of the aortic nerves. 

Section Ci*. Normal reflex after diminution of the effect of Coramine. 

Section Cj: Increase of blood-pressure after severance of the aortic nerve. 
Carotid sinus reflex in this condition. 

Sections D, E : Occlusion reflex in the 4th, 5th, and 25th minutes after Coramine. 
The figures given in the blood-pressure curve show the readings of the initial 
blood-pressure and the reflex action. The difference between both figures 
corresponds in mmHg to the increase in pressure during the occlusion. 

1. Intratracheal pressure. 

2. Intrapleural pressure. 

3. Arterial pressure. 

4. Pressure in the vena jugularis, 

5. Base-line. 

G. Pressure in the vena cava inferior. 

7. Respiratory volume (the distance between each 
summit = 1 litre of inspired air). 



iuuiier 


Oabotid Ocoltjsion Reflex tinder Cobamine. 

, classical and simplest examination of the normal and patho- 

logical function of the carotid sinus is made by clamping off both carotids, 
file resultant increase in blood-pressure is a regular phenomenon rvliich 
s ion s on y individual quantitative differences. We have carried out 
experiments on 55 animals (rabbits and cats) in n'hich this occlusion 
re ex was examined under the effect of Coramine and under changing 
conditions. 

Melhod. ^In a large number of experiments the aortic nerves were 
severed and one of the carotid sinuses functionally eliminated through 
measuring the blood-pressure in this carotid, -while the other was left 
undisturbed in its natural relation to the circulation and clamped off 
for periods of 15 seconds. The remarks made above, under the method 
given for the elimination of the carotid sinus pressure reflex, appl}' to 
the registration of other factors besides the blood-pressure. 

Experimental Eesults . — The principal result was found to be that 
the blood-pressure rises after the injection of Coramine more than in 
the normal state on clamping off the carotid. The reflex is therefore 
increased by Coramine. 

In the study of the carotid sinus, Koch [1931] attaches great import- 
ance to the percentage increase or decrease in blood-pressure. The 
value of this quantitative method was later somewhat restricted by 
his co-worker Palme [1936], who shorved that it did not offer for 
pharmacological purposes the expected possibility of comparison. 
We have nevertheless calculated this value from a large number of 
experiments. The increase of the reflex due to Coramine is also seen 
clearly when using this type of evaluation. No increase in the occlusion 
reflex was observed under normal conditions over a period of one hour, 
so that there is no possibility of a spontaneous change, and the effects 
we observed may with certainty be attributed to the action of Coramine 
alone. 

Por the results described it is of no importance if the aortic nerves 
are retained or if they are cut. There is an increase in blood pressure 
which may decrease to a more or less marked extent. Pig. 4 again 
shoves sections of an original curve. 

During the normal period the blood-pressure increases, if the aortic 
nerve has not been interfered with, to a maximum of 14 miuHg. 
Coramine increases the reflex considerably, to at least 21 mmHg; 
30 minutes after the injection of Coramine the main effect has subsided. 
If the aortic nerves are simultaneously severed, tliere is an intensification 
of the reflex, as would be expected. If Coramine is again given, the 
reflex is much greater than after the first dose of Coramine. The 
initial blood-pressure now sinks gradually, but the reflex remains 
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carried out in connection with another problem, showed in principle 
the same results. The results on cats did not show the same regularity 
as on the rabbit, although fig. 6 shows that similar results are obtained. 
Akahoshi [1938] also obtained equivocal results in his experiments on 
the influence of the carotid sinus on the respiratory action of Coramine. 



Fia. 6. — Graphic summary of the pressure obtained in an experiment carried 
out on the cat with the occlusion reflex and after administration of Coramine 
(representation as in fig. 6). 


The Effect of CoiiAisnNE on the Carotid Sines. 

After it had been shown that the carotid sinus is also concerned in 
the analeptic action on the respiration [Zunz and Tremonti, 1931], it 
remained to find out by experiment if Coramine has any direct effect 
on the carotid sinus. For this purpose one of the carotid sinuses in 
the rabbit was denervated, the aortic nerves severed, and the other 
carotid sinus arranged as a cul-de-sac. Preliminary experiments 
showed that only strictly isotonic solutions should be used for 
filling the carotid sinus. If the carotid sinus was subjected to pressure, 
unchanged decrease in pressure was always maintained with pharma- 
cologically inactive solutions (NaCl, glucose). If the carotid sinus 
was filled with li p.c. solution of Coramine, the reflex was at first 
weakened and finally suppressed (fig. 7). On refilling with normal 
salt solution, the reflex returned completely. Weaker Coramine solu- 
tions are ineffective. The concentrations necessary for local influence 
in the carotid sinus are therefore much higher than the concentrations 
occurring in the blood of the animal, in which a pronounced blood- 
pressure-raising effect may be obtained by intravenous injection. 

It should also be mentioned that none of the principal presso- 
receptors can be directly influenced by Coramine in the type of experi- 
ments which we have used for studying the carotid sinus pressure reflex, 
as the aortic nerves are severed and one carotid sinus denervated. 
The remaining carotid sinus is eliminated from the circulation so that 
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increased by Coramine for more than 30 minutes and is maintained 
approximately at the same pressure level. 


% or 

wpectivrty 


Curve 460 Rabbit 



Fio. 5. — Graphic summary of all the readings of the blood-pressure and of 
the effects of the carotid occlusion obtained during experiment No. 480 (see 

original curve, fig. 4). 


Table II. — Carotid Occlusion Reflex before and after 60 mg./kg. 


Coramine. 


Curv'e 

No. 

Increase 
of blood- 
pressure in 
mmHg 
before the 
injection 
(average 

Increase of blood-pressure in mmHg after the injection. 


of 3-10 
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15 
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Table II shows the values of blood-pressure changes produced by 
reflex action for 12 experiments. Further experiments, which were 
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local action of Coramine on the carotid sinus. The afferent part of the 
reflex arc cannot, therefore, be considered as the point of attack of 
Coramine. 

The doses of Coramine used (00 mg./kg.) are about l/15th-l/20th of 
the lethal dose for the urethanised rabbit and cannot be considered as 
high doses, although an analeptic action on the rabbit can be produced 
•with about 1/lOOth of the lethal dose. We have chosen a dosage of 
60 mg./kg. however, in order to obtain a pronounced Coramine effect. 
Kayser [1938] obtained his results ■wdth smaller doses (about 37 mg./kg.). 

A confirmation of our results has recently been published by Burn 
[1939]. Unfortunately the information in his lecture is not sufficiently 
exact for the dosage used to be inferred. If animals weighing 3 kg. were 
used, then our dosage is approximately the same as that used at Burn’s 
Institute. We cannot, however, agree unconditionally with the com- 
parison between the dose given to animals and the largest therapeutic 
dose. A number of cases are described in medical literature in which 
a single dose of 10-20 c.c. on narcotised patients of Coramine injected 
intravenously produced the desired effect. For this reason 2*5-5 g. 
instead of 0*5 g. should be mentioned in the table as the maximal thera- 
peutic dose. These high doses administered in cases of poisoning 
correspond in man to 0*05-0*06 g./kg., i.e. approximately the doses 
used by us in animal experiments. 

Summary. 

1. The blood-pressure-decreasing carotid sinus pressure reflex is 
weakened in urethanised rabbits under the influence of Coramine. An 
essential increase in the so-called residual blood-pressure is to be regarded 
as a sign of the increase in tone of the peripheral circulation. 

2. Both in the urethanised rabbit and in the urethanised cat the 
blood-pressure-raising carotid occlusion reflex shows a larger rise in 
blood-pressure under the effect of Coramine than before its administra- 
tion. This is also to be regarded as a sign of the peripheral vascular 
tonic effect. This result is obtained both -ttdth intact and severed 
aortic nerves. 

3. Coramine produces in animals whose aortic nerve has been 
severed a larger rise in blood-pressure than in the intact animal. 

4. The effect of Coramine on the carotid sinus itself can be excluded 
for the results reported. Coramine is capable only in high concentration 
of influencing the presso-receptors locally. 


228 


Muller 


Coramine can act only centrally. It is important to emphasise this in 
order to clarify the conclusion that the weakened sinus pressure reflex 



Fig. 7. — Original curve of the experiment No. 354. 

A. Carotid sinua pressure reflex, normal. 

B. Carotid sinus pressure reflex, after local application of a IJ p.c. Bolution 

of Coramine. 

C. Carotid sinus pressure reflex, after removal of the Coramine by washing with 

Ringer’s solution. 

1. Arterial blood-pressure. 

2. Respiratory volume. 

3. Intratracheal pressure. 

4. Line of measurement. 

cannot be explained by a direct paralysing effect of Coramine on the 
sensory presso-receptors. 

Discussion of the Results. 

Koch et al. [1931] are of the opinion that the effects of carotid sinus 
reflexes on the blood-pressure are produced by alterations in diameter 
of the peripheral blood-vessels. If this view is right, our experiments 
show clearly that there is, under the influence of Coramine, an actua 
vasoconstriction or a mild response to vasoconstrictor stimulation. In 
our experiments a greater increase of blood-pressure was observed than 
would be expected under normal conditions and was obtained with 
opposite lands of stimulation, i.e. increase or decrease of the endosinusa 
pressure. The described results would indicate that Coramine has a 
central point of attack. The possibility can nevertheless not always 
be excluded that Coramine also acts peripherally on the smooth muscle 
of the vessels. Even if the course of the reflex is determined under 
normal conditions by the vasomotor centre, a fact which is probable 
both under pathological and pharmacological conditions, the condition 
of the end-organ, the peripheral circulation, is also of essential import- 

fe a Hess’s nutrition reflex, see also Rein and Schneider, 1935). 
It is therefore possible that with the reflexes described, a better response 
pould be obtained from the end-organ. . , , j- f 

The experimental arrangement and the special tests with the direct 

. ^ r Poramine to the carotid sinus exclude Avith certainty a 
application oi uuia 


THE PERMEABILITY OE THE SYNOVIAL MEMBRANE. By 
D. Engel. From the WiUue Surgical Research Laboratory 
and the Department of Pharmacology, University of Edinburgh. 

{Received for publication 20J7i January 1940.) 


Part I. 

The significance of the synovial membrane for the blood-supply of the 
joints has been recognised since the time of William Hunter [1742], 
and it is common knowledge to-day that the articular cartilage and 
the joints in general are nourished chiefly by the synovial membrane 
and not, as thought formerly, by the blood-vessels supplying the bone. 
The cartilage, itself devoid of blood-vessels, represents such a dense 
filter that one can safely assume that practically everything that reaches 
the joint from the blood-stream has to pass the double membrane, 
consisting of the capillary endothelium and the synovial cells. I 
propose to call this composite membrane “barriere articulaire” in 
analogy to the barriere rachidienne of the choroid plexus. The bulk 
of the normal food-supply, foreign substances circulating in the blood, 
as well as drugs injected intravenously, have to pass this barriere to 
reach the joint cavity and the cartilage, hence its importance from the 
standpoint of physiology, pathology, and pharmacology. 

In spite of these facts, very little is known about the functional 
qualities of this barriere. Resorption from joints has been repeatedly 
the subject of study, but the reverse process, excretion from the blood 
into the joints, from the practical standpoint the more important route, 
has been conspicuously neglected. The scanty data available in the 
literature are based chiefly on observations made on inflamed joints 
which, as will be shown later, behave differently from the normal ones. 
When one considers that M. W. Ropes et al., in their comprehensive 
study of the literature in 1939 came to the conclusion that even “the 
physical and chemical properties of normal synovial fluid have never 
been well established,” it will be realised that little progress has been 
made since Bichat [1799] made the statement: “Aucune partie de la 
physiologic des os n’abonde plus d’hypotlieses et moin en decouvertes 
que I’histoire du systeme synovial. Beaucoup de dissertations et peu 
de faits.” 

The only systematic experiments on excretion of substances from 
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Part I. 

The significance of the synovial membrane for the blood-supply of the 
joints has been recognised since the time of William Hunter [1742], 
and it is common knowledge to-day that the articular cartilage and 
the joints in general are nourished chiefly by the synovial membrane 
and not, as thought formerly, by the blood-vessels supplying the bone. 
The cartilage, itself devoid of blood-vessels, represents such a dense 
filter that one can safely assume that practically everything that reaches 
the joint from the blood-stream has to pass the double membrane, 
consisting of the capillary endothelium and the synovial cells. I 
propose to call this composite membrane “barriere articulaire” in 
analogy to the barriere rachidienne of the choroid plexus. The bulk 
of the normal food-supply, foreign substances circulating in the blood, 
as well as drugs injected intravenously, have to pass this barriere to 
reach the joint cavity and the cartilage, hence its importance from the 
standpoint of physiology, pathology, and pharmacology. 

In spite of these facts, very little is known about the functional 
qualities of this barriere. Resorption from joints has been repeatedly 
the subject of study, but the reverse process, excretion from the blood 
into the joints, from the practical standpoint the more important route, 
has been conspicuously neglected. The scanty data available in the 
literature are based chiefly on observations made on inflamed joints 
which, as will be shown later, behave differently from the normal ones. 
When one considers that M. W. Ropes et al., in their comprehensive 
study of the literature in 1939 came to the conclusion that even “the 
physical and chemical properties of normal synovial fluid have never 
been well estabbshed,” it will be realised that little progress has been 
made since Bichat [1799] made the statement: “Aucune partie de la 
physiologie des os n’abonde plus d’hypotheses et moin en decouvertes 
que I’histoire du systeme synovial. Beaucoup de dissertations et peu 
de faits.” 

The only systematic experiments on excretion of substances from 
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the blood into the joint cavity are tliose of Shinkichi Tani [1935], 
Tliey came to my knowledge v'hile my experiments were in progress. 
His results are in some respect contrary to mine ; they will be iscussed 
later. It is surprising also that a systematic experimental study of 
the pharmacology of joints has not been made. Little is known to 
what extent drugs reach the joint cavity. At the present time the 
whole therapy of joints is based on empiricism. The method devised 
in this paper should therefore be of therapeutic value. 

The first series of experiments were designed to determine what 
substances injected into the blood-stream reach the joint cavity, or, in 
other words, penetrate the articular barrier. 

Dyes were injected intravenously or intramuscularly in cats and 
rabbits; the knee joint w'as then perfused wath Ringer’s solution, and 
the dye in the outflowing fluid estimated quantitatively by a colori- 
metric method. If the quantity of the excreted dye wms very poor 
the perfusate was concentrated on the w'ater-bath. The knee joint 
was always used for perfusion, the other joints being too small or 
inaccessible for anatomical reasons. 


Methods. 


The animals were anaesthetised with Nembutal or Sod. Amytal 
(40-70 mg. pro Kg.) and fixed to a board with the hind legs extended. 
A cannula was then inserted into the joint on the medial side of the 
patella and the perfusion started. After the joint had been filled with 
2-3 c.cm. of fluid, a similar needle was inserted on the lateral side of 
the patella, and the perfusate collected. The joint cavity of a medium- 
sized cat or rabbit holds approx. 2-4 c.c. The articular recess reaches 
about 1-2 cm. above the upper margin of the patella, and by palpating 
this edge no difficulty is encountered in getting into the joint cavity. 
Great care was taken to avoid any bleeding in order to keep the barrier 
intact. Only blood-free perfusates w’^ere considered as satisfactory. The 
needle should not be too coarse, to avoid trauma, but should have a 
bore wide enough to allow passage of the first few drops of synovial 
fluid. It can be judged, from the clear perfusate, from the absence of 
a para-articular oedema, from the first drops of synovial fluid, and from 
the free communication between the two needles that the needle is 
actually in the joint and not in the para-articular tissue. It is advisable, 
however, to ascertain the position of the needles at the end of the 


experiment. 

The needle carrying the inflowing fluid was connected by rubber 
tubing with a bottle containing Ringer’s solution. The rate of per- 
fusion was regulated by the level of the bottle at 10-15 drops per 
• te The rubber tube passed through an electrically heated jacket 
™toh maintained the fluid at body temperature. In later experi- 
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ments in -which a constant and equal rate of perfusion was needed, a 
more elaborate apparatus was used, which Avill be described later. 
The perfusion was carried out for 1-4 hours. Bach animal was used 
only once in order to ensure normal conditions. A joint once perfused 
has to be considered as inflamed. 

In the choice of the dyes used, experience gained in former experi- 
ments performed on the peritoneal cavity [Engel and Kerekes, 1927] 
was available. The dyes varied in their diffusibility and in their 
chemical character. The diffusibility was determined by the following 
method; glass tubes were partly filled witli 4 p.c. aqueous gelatine 
solution, and after solidification, 1 c.c. of equimolecular dye solution 
was floated on the surface. A series of dyes were tested and the 
diffusibility of the dye was expressed in terms of mm. of penetra- 
tion in 24 hours. 

Most of the animal experiments were repeated, some of them several 
times, according to their importance. Again it was considered im- 
portant to test the effects of injecting an acid and alkaline dye in the 
same animal simultaneously, in order to eliminate individual variations, 
and to observe the excretion of these different groups of dyes under 
identical conditions. In such cases dyes were selected which did not 
interfere with each other, for instance, Buchsin S. and Methylene blue. 
With this combination the Buchsin S. appears in the perfusate in the 
colourless carbinol form and does not hinder the detection of the 
Methylene blue, should it appear. The Buchsin S. can then be re- 
generated in the coloured form by adding a few drops of acetic acid to 
the perfusate. In these combined experiments two dyes of the same 
or similar diffusibility were used. It was considered futile to compare 
quantitatively the dye in the perfusate -with that in the blood, because 
an error may arise due to excretion of dye during the observation by 
the kidneys and the liver, and this may exceed the amount in the 
perfusate. This error varies also according to the dye used. 


Results. 

Only a few experiments will be described here in detail. 

Experiment 1. — At 11 a.m. 60 mg. Sod. Amytal injected intramusc. 
in a cat of 2-4 kg. 

At 11.50 a.m. 10 c.c. of a 2 p.c. aq. Fuclisin S. solution injected into 
the muscles of the foreleg. 

At 11.55 a.m. perfusion of one knee joint with Ringer’s solution 
started. 

At 12 noon perfusate shows strongly red colour after addition of a 
few drops of acetic acid, and remains so till 3 p.m., when the animal 
was lulled. The 2 needles were found in a satisfactory position in the 
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joint cavity. The amount of the collected perfusate vas CO c.c. and its 
colour intensity equalled that of a standard solution of 1/20000. 

Experivient 2. — The same experiment as No. 1 repeated under 
identical conditions, vdth the only difference that 15 c.c. of a 1 p.c. 
Methylene blue solution rvere injected intravenously. The perfusion 
was carried on for four and a half hours. No trace of dye could be 
detected even in the concentrated perfusate. The same experiment 
repeated several times gave always the same result. Similar e.xperi- 
ments to the two above described were performed with a series of 
dyes. The results are given in Table I. 


Table I. — ^Relation between CnExncAL Character, DirrusiBiLtTY .\nd B.\te 
OF Passage through Syno^hal JIe.vbrane of Various Dyes. 


Name of dye. 

Chemical 

character. 

Penetration in 
24 hours in 
millimetres. 

Appearance in 
perfusate. 

Fuchsin S. . 

acid 

24-4 

+ + + + 

Naplithol yellow . 


20 

-r -t + + 

Eohtgelb .... 


20 

+ + + + 

Methyl orange . 


19-4 

- 

Tartrazin .... 


18-6 

■h + + 

Cyanol .... 

>♦ 

18-3 

-1- + 

Orange G. . 


17 

+ + + + 

Red-violet .... 


14 

- 

Ponceau .... 

»♦ 

13-6 

•f + 

Eosin .... 

»♦ 

12-5 

•f + 

Patent blue 


10-4 

- 

Light green 

»» 

10-1 

+ 

Brillant-crocein . 

,, 

5 

+ 

Anilin blue 


4 

-f 

Scharlach R. . 

,, 

0 

+ 

Trypati blue 


3-9 

— 

Water blue 


1-5 


Methyl green 

alkaline 

32 

- 

Brillant-crocein-blue . 

>» 

29 

- 

Methylene blue . 


25 

- 

Fuchsiu basic 


25 

— 

Janus green 


20 

— 

Uranin .... 

** 

22 


Chrysoidin . . ■ • 


20 


Rhodamin G. . • • 


19 


Methyl violet 

»» 

16 

— 

Congo -rubm 

” 

10 




The dyes in Table I. fall into two ^oups, acid and allraline dyes; 
they are given in the order of their difFusibility% and were chosen so 
that their diffusibility covered a wide range. The study of Table I. 
eals two important facts : First, no alkaline dye has appeared in the 
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pcrjiisatc, irrespective of its difftisibilily. Secondly, the great majority 
of the acid dyes appeared in the perfusate ; the quantity present tended 
to be in direct proportion to their diffusibilily . Por example, the basic 
dyes Methyl green and Brillant-erocein-blue penetrate gelatine more 
rapidly than do any of the acid dyes, but they do not appear in the 
Joint perfusate. The two dyes basic and acid Fuchsin are closely 
allied chemically and penetrate equally into gelatine, but whilst acid 
Fuchsin passes freely into the synovial fluid, basic Fuchsin does not 
do so. The basic dye Brillant-crocein-blue and the acid dye Brillant- 
crocein provide a still more striking contrast, since the former pene- 
trates gelatine rapidly but does not enter the synovial fluid, whilst 
the latter penetrates gelatine very slowly and yet passes into the 
perfusate. 

The acid dyes permeate the synovial membrane, provided that their 
diffusibility exceeds four millimetres, i.e. their capacity to penetrate 
into gelatine in 24 hours. For instance, the acid but colloidal Trypan 
blue and Water blue do not penetrate the synovial membrane, but the 
highly diffusible Fuchsin S. or Naphthol yellow could be detected in 
abundance in the perfusate as early as 5-10 minutes after being 
injected intravenously. 

There are, however, three dyes that did not comply with the 
general rule, they did not appear in the perfusate in spite of being 
highly diffusible and acid in character; they were Patent blue. Red- 
violet and Methyl orange. The reason of their non-appearance will 
be discussed later. 

In a series of double experiments in which one acid and one 
alkaline dye were injected into the same animal, the following com- 
binations were given: Fuchsin S. with Methyl green; Fuchsin S. with 
Methylene blue; Eosin with Brillant-cresyl-blue and BriUant-crocein 
mth Methyl violet 6 B. In each of these experiments the acid dye 
appeared in the perfusate as ustial, while the alkaline dye was constantly 
missing. One of these experiments will be described as an example : 

Experiment 3, — At 11 a.m. Sod. Amytal injected intramusc. into 
a cat. At 12.50 p.m. 15 c.c. 1 p.c. Methylene blue was injected into 
the Jugular vein; a few minutes later the same amount of Fuchsin S. 
was injected intravenously and perfusion of the knee Joint was started 
in the usual manner. At 1 h. the perfusate was deep red after 
addition of a drop of acetic acid : no trace of blue colour was to be seen. 
The perfusion was carried on till 5.20, with the same result as at the 
beginning. (Addition of H 2 O 2 to regenerate possible leuco form of 
Methylene blue does not change the colour.) 

One can thus definitely conclude that the behaviour of the acid 
dyes is essentially different from that of the alkaline ones. 
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Discussion. 

Tlie first question that arises is, what is the reason for the selective 
appearance of the acid dj’es in the joint perfusate and the conspicuous 
absence of the alkaline ones under identical conditions? Is this fact 
due to the selective activity of the barrier, or is there any other 
explanation for it ? 

It may be mentioned here that similar experiments to those 
described above have been previously performed [Engel and Kerekes, 
1927] in the peritoneal cavity and the subarachnoideal space [Witt- 
genstein and Ifrebs, 1926]. The results were similar to those recorded 
for the joints. It was found that no intravenously injected alkaline 
dye appeared, in contrast to the acid dyes, in the cerebrospinal fluid 
or the peritoneal perfusate. The quantity of the acid dyes vas in 
direct proportion to their difi’usibility\ This fact, that three membranes 
so uddely diverse in their function behave so similarly, strongly 
suggests that the reason for the selective discrimination between acid 
and allraline dyes is not the selective activity of those three membranes. 
Details on this question have been discussed at length by Engel an 
Kerekes in connection vith the peritoneal permeabihty. Only a few 
points pertinent to our present problem should be mentioned here. 

The alkaline dyes are, as a rule, hpoid soluble substances and for 
this very reason they not only enter into the cells with ease, but they 
are also retained by the cells. The contrary applies to the acid dyes, 
these are, with a few exceptions, Hpoid insoluble, and therefore they are 
not retained by the cells, nor are they anchored to the tissue. lu 
other words, there is a much greater afSnity between cells and an 
alkaHne dye than between cells and an acid dye. The result is that i 
one injects intravenously an alkahne dye, it null disappear from t e 
blood-stream into the tissues in a very short time. It was foun 
[Wittgenstein and Blrebs, 1926] that the acid dyes need as many hours 
for disappearing from the blood as the alkaline ones need minutes. 
As much as 99 p-c. of the latter disappear from the blood in a few 
minutes. , This is the reason why these dyes do get the chance of being 
excreted by either of the three membranes mentioned above. A su - 
stance that does not reach the barrier cannot pass it, and consequently 
does not appear in the perfusate. On the other hand, an acid dj'C, 
beine retained by the tissues, will reach the barrier, and vdll there- 
f e appear in the perfusate. The question whether it is the symovial 
that discriminates so strictly between acid and alkahne 
membrane answered in the negative. The selective 

filtv is a function of the tissues in general. 

^ mi ^ case is quite different Muth regard to the selection between 
, . iT^^;ufF,islhle and colloidal dyes of acid character. We have seen 
highly rives were excreted, but only those with a diffusibility 

that not all acia 
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higher than 4 millimetres. We have seen further that the quantity 
excreted was approximately in direct proportion to their diffusibility. 
As the acid dyes are not retained by the tissues, it is reasonable to 
assume that the variation in the degree of their permeation is due to 
a quality of the synovial membrane itself. 

There is one fact which deserves our special attention; We saw 
that Methyl orange does not appear in the perfusate in spite of the 
fact that it is an acid dye, and according to its diffusibility it should 
permeate the synovial membrane, just as it permeates, as shown 
earlier, the peritoneal membrane. Incidentally Methyl orange is a 
very exceptional dye, being one of those few which, in spite of being 
acid in character, is lipoid soluble. (Acid dyes are, as a rule, lipoid 
insoluble.) Its appearance in the peritoneal perfusate is a sure in- 
dication that this dye does not disappear from the blood circulation, 
as may be expected from its lipoid solubility, but follows the rule of 
its chemical character. The conclusion seems therefore justified that 
the absence of Methyl orange from the joint perfusate is due to a special 
quality of the articular barrier, in distinction to other membranes. 

It should, however, be mentioned that this is, so far, the only 
finding contrary to the concept of Ropes et al. [1939], and supported 
also by my own experiments, that the synovial fluid is a dialysate of 
the blood plasma. The authors based their conclusions on exact studies 
of the distribution of electrolytes and non-electrolytes between serum 
and synovial fluid. They think that the effect of mucin on the colloid 
osmotic pressure and calcium concentration of synovial fluid indicates 
that mucin, in addition to its lubricating action, also plays a role in 
the exchange of water and other substances between the vascular 
system and the joint cavity. It is therefore a possibility that the 
non-appearance of Methyl orange in the perfusate is due to the 
presence of mucin in the synovial fluid. 

It was mentioned that our knowledge on the permeability of the 
synovial membrane is very incomplete. A. Policard [1936], reviewing 
the literature up to 1936, more especially the works of Gaglio, Draga- 
nesco, Pacetta, Granel, Allison and Cajori, came to the conclusion that 
a revision of the results of these authors would be desirable. Most of 
their observations concern human joint exudates. 

The only systematic experiments on the subject I have been able 
to discover are those of Shinkichi Tani [1935], whose results differ 
from mine. The discrepancies between our results cannot be explained 
by Tani’s different technique. He injected, as I did, into rabbits a 
group of dyes intravenously, and punctured the knee joint 1, 2 and 
3 hours afterwards, washing it out with 1 c.c. of saline. He does not 
mention whether his animals were immobilised or ran freely between 
the punctmres. His results obtained with the acid dyes are similar 
to mine; but, contrary to my experience, he claims that 16 out of 26 
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alkaline dj’^es were excreted into the joint cavity. He admits, however, 
that the excretion of the alkaline dyes was poor, hut he attributes this 
to the fact that alkaline dyes are more toxic than the acid dyes and 
therefore lower doses had to be injected of them. That this is not the 
reason is proved bj’’ my double experiments, one of which (No. 3) was 
fully reported. We see there that the same amount of Methylene blue 
and Fuchsin S. were injected into the same animal, yet only Fuchsin S. 
appeared in the perfusate, while Methylene blue was absent from it 
during the whole perfusion, lasting for 4 hours. The real reason for 
the different behaviour of the acid and alkaline dyes is the quick dis- 
appearance of the latter from the blood circulation in contrast to the 


acid ones, as explained above. 

The only conceivable explanation of the fact that Tani detected 
alkaline dyes in the synovial fluid seems to me the following; The 
synovial fluid consists partly of detritus cells from the coating mem- 


brane. These cells retain and contain alkaline dyes just the same as 
any other tissue. They are rubbed off the surface by the movements 
of the limb, unless the animal is immobihsed. (Tani does not 
mention this fact.) By liquefaction of these cells the dye is set free. 
This small amount of dye may be demonstrable in 1 c.c. of fluid, as 


reported by Tani, and may account for his different results. 

The fact that only acid dyes penetrate into the joint may explain 
why, in diseases like gout and ochronosis (Virchow), uric and homo- 


gentisic acid respectively are found in excess. 


Part II. 

The Permeability of the Inflamed Synovial Membrane. 

For practical and theoretical reasons the question whether the 
permeability of the inflamed synovial membrane is identical wi i 
that of the normal membrane is of considerable interest. It is evident 
that in therapy we have to deal wdth abnormal conditions, mostly wit i 
inflamed joints, and therefore it seemed of importance to know whether 
the conclusions drawn from the previous experiments can be apph® 
unrestrictedly to inflamed joints. But it was also of interest to 
bow far the findings arrived at in inflamed joints can be generalised. 
It has been mentioned that the few data available in literature con- 
cerning drugs demonstrated in joint fluids were gained from exudates, 
i.e. inflamed joints. 

Technique. 

Eabbits were chiefly used in wdiich 1-2 c.c. of a 1 p.c. Lugol solution 
'niected into one knee joint, the other being used as a control. 
0 ^^ ^ twm days after the injection the two joints w-ere perfused siroul 



Tho Permeability of the Synovial Membrane 239 

taneously with Ringer’s solution, as described in the previous experi- 
ments. Only once was a staphylococcus aureus suspension used for 
producing an inflammation, the method being abandoned because it 
provoked an ulcerative arthritis, with blood in the perfusate, and was 
therefore unsuitable for testing the permeability of the barriere. The 
joint surface, examined two days after the Lugol injection, did not look 
macroscopically inflamed. 

A description of one experiment suffices to illustrate the results 
obtained : 

Experiment 4. — The morning of the 14th September 1937 injection 
of 2 o.c. of a 1 p.c. Lugol solution into the right knee joint of a rabbit of 
2 kg. On the 16th September 1937 the right knee looked swollen and 
oedematous. 

At 9.30 a.m. intramuscular inj. of 4 c.c. 2 p.c. Nembutal. 

At 10.30 a.m. animal strapped on the back with the hind legs 
extended equally. Intravenous inj. of 7 c.c. Proniosil red (Bayer). 

At 11 a.m. perfusion of the two knee joints with Ringer’s solution 
in the usual manner. Special care was taken that the rate of perfusion 
on the two sides should be equal. 

At 11.10 a.m. an additional 3 c.c. of Prontosil inj. subcutaneously. 

At 11.30 a.m. the perfusate of the normal left side strongly pink, 
Avhile that of the inflamed right side perfectly free of stain. The skin 
and urine are intensely red. 

At 1.20 p.m. red colour diminishing on the left side; no colour on 
the right side. 

At 2 p.m. staining on the left side only in traces, the right side free 
of stain. 

Animal lulled. The total perfusate on each side 100 c.c. 

P.M. : The 4 needles were intra-articularly placed. The right joint 
is a little congested, no ulceration. 

Besult . — Dming the whole experiment the normal joint excreted 
Prontosil abundantly, while the inflamed side did not show any 
■excretion at all. 

A similar experiment was repeated with a cat, four days after the 
Lugol injection, with Fuchsin S. as a test dye. The result was similar 
to that of the former experiment; a decreased dye excretion of the 
inflamed side. A comparative colorimetric measurement of the two 
perfusates showed that the perfusate of the normal side contained 
twice the concentration of dye as compared with the inflamed side. 
In a third similar experiment the ratio was 1*5 to 1. In one experi- 
ment only, in which Staphylococcus was used for producing inflam- 
mation, was the difference between the turn sides in doubt. But in 
this case that perfusate was blood-stained and the result therefore 
uirreliable. In all the other 8 rabbits and cats the inflamed side excreted 
•considerably less dye than the normal side. 
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Comment. 

One may rightly ask what is the explanation for this unexpected 
result ? The blood- flow towards an inflamed tissue, in this case the 
synoxdal membrane, is considerably increased as compared Tiith the 
normal. Consequentlj’^ the amount of dye carried towards the mem- 
brane should be increased too. One should expect therefore an increase 
in the amount of the dye excreted on the inflamed side. But the 
contrary is the case, as we have seen. There ought therefore to be 
a factor ofisetting the prospective result of the hyperremia. 

Experiment 5 . — To ascertain whether the blood-volume reaching 
the synovial membrane is actually increased or decreased on account 
of a stasis, the temperature of both quadriceps muscles was taken in 
a rabbit wdiich had one knee joint injected with 1 c.c. 1 p.c. Lugol sol. 
previous to the experiment. The temperature was measured by 
thermo-couples inserted into the two muscles pointing towards and 
nearly reaching the knee recesses. The temperature was recorded 
every 5 minutes for t-wo hours, while the perfusion was going on uith 
the usual technique. Four diflierent points of the muscles were tested. 
During the w'hole time the temperature on the injected side was higher 
by 2° C. At the same time the dye excretion on this side was reduced 
to 1/7 compared with the normal side. 

This experiment shows that in spite of a bigger blood-supply of 
the inflamed side, indicated by its higher temperature, the dye ex- 
cretion was reduced. This decrease could therefore hardly be attributea 
to a stasis. This conclusion is borne out also by the statement o 
Landis that stasis is the surest sign of increased capillary permeability . 
The decreased dye excretion of the inflamed Imee must therefore have 
another cause ; it is, in my opinion, the inflammatory change of the 
synovial membrane. 

For this reason it seemed of interest to examine macro- and micro- 
scopically the synovial membranes of joints injected vdth Lugol 
solution 24, 48, and 72 hours after injection. Five knee joints were 
examined for this purpose, the normal side serving as a control. 
Macroscopically the inflamed joint was a little enlarged; the synovial 
membrane showed engorgement of the blood-vessels ; the cartilaginous 
bone ends were stained yellow by the Lugol sol. ; the synovial membrane 
was not ulcerated or covered with a fibrinous coat. 

In the histological section (Haematoxylin-Eosin, Mallory’s con- 
nective tissue stain, and Weigert’s stain for fibrin), the nuclei of the 
svnovial cells appeared faded. The subsynovial connective tissue 
1 ver was cedematous and infiltrated with white blood-cells, chiefly 
1 ^ ocvtes. The infiltration continued between the adjacent muscular 
bundles which showed, in parts, hyaline degeneration (see fig. 2). By 
Weigert’s stain fibrin could be detected in the areas of infiltration. 
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Fig. 1. — Section through normal synovial membrane and adjacent subsynovial layers 
{Hsematoxylin-Eosin. x 100.) 
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Fig. 2. — Section through synovial menabrane and adjacent layers, 48 hours 
after intra-articular injection of 1 p.c. Lugol solution. Note the less marked 
staining of the synovial colls, the strong subsynovial cedema, the infiltration 
•with ■white blood.cells, -which extend between the hyaline degenerated muscular 

bundles, x 100. 
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72 w ifLrtr‘L7 T'^“' in the seclione 48 ..d 

the view that the rie injection. Tins histological finding supports 

to the loon, Congo inThTsynt SI.*'’' “ 

n.embrant'Srh™/'’' ’''“'““‘i »»tetion of Mamed j.i.t 
difficult to dote ■ ^ ° tome practical significance: it may not 
*SL of o standardise the time and quantity of dr. 

S triC th.”?™a ^ “ toiossti »»tstion, ooi. 

indicate timt figures, would, under certain circumstances, 

nntlT^Jt ,1 “ '■”«'“uofi- Tfis msthod would bt 

carmij) *“Snostio functional test of the kidney (Indigo- 

' Brandenburg [1930], and Eling [19JS) 

Z told !r into the knee joint, with a similar ai., 

ehrnnte ® ^^‘j^tion of the drug in the urine. They found that in 
• n synovia involvement the excretion was prolonged, in acute 
inflammations it was accelerated. 

.1 regard to the lack of an experimental joint pharmacology, 

e usefulness of the joint perfusion has been tested in respect of 
xcre ion ® synovial membrane of one or other of the most 

ui therapy of articular diseases. A report 

oLu m incomplete, seems justifiable, as the few data 

1 a e in le iterature on the subject refer to inflamed joints, and 
an ere ore no e used for quantitative comparative purposes, as 
shown in our experiments. 

One of the drugs tested was Sod. salicylate 
_ Experiment 6.-At 12 noon: Rabbit of 2-1 kg. Intravenous in- 
jec ion o c.c. o a solution of 5 g. Sod. salicylate in 30 c.c. aq. dest. 
and intraperitoneal inj. of 5 c.c. of the same solution. 

At 12.15 p.m. perfusion of the knee joint with Ringer’s solution 
in the usual manner. 

!^om 12.15 p.m. to 12.25 p.m. 4 c.c. of the perfusate collected 
(portion I.). ^ 

From 12.25 p.m, to 12.50 p.m. 15 c.c. of perfusate collected (portion 

12.50 p.m. to 2.10 p.m. 150 c.c. of perfusate collected (portion 
At 2.20 p.m. animal died. 

The Sod. salicylate was estimated by the colorimetrical method by 
Dr. Spragg (Laboratory of the Royal CoUege of Physicians, Edinburgh). 
In portion I. 3-2 mg. Sod. salicylate pro 100 c.c. 

„ „ II. 0-9 mg. „ „ / ■ 

,, )j III. only very faint traces of Sod. salicylate were found. 
The experiment show s that considerable amounts of the adminis- 
tered drug reached the joint cavity. In ten minutes, one half-hour 
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after the intravenous injection of 2*5 g. Sod. salicylate, 0i28 mg. were 
excreted into the joint. If we consider the small surface of the joint 
cavity and the small amount of blood supplying this surface, in pro- 
portion to the total blood, the excreted quantity appears rather large. 
Another fact elucidated from the experiment is the rapidly decreasing 
amount of the excreted drug. While the perfusion during the first 
10 minutes yielded 0-28 mg. Sod. salicylate, the second portion con- 
tained onlj' 0‘15 mg. after perfusing for 25 minutes, and the third 
portion only traces after further 80 minutes. The reason for this 
rapid decrease is probably the quick disappearance of the Sod. salicylate 
from the circulation. 

The excretion of Sod. salicylate has been investigated previously 
by other authors [Stockmann, Fillippi, etc.]. > Bondi and Jacoby 
[1924] reported that joints of rabbits infected with staphylococcus 
contained more salicylate than those of healthy animals. Hanzlik does 
not accept their evidence as conclusive. He, with Scott and Thoburn 
[1917], comes to the conclusion that “for all practical purposes, the 
alleged selectivity of salicylates for inflamed joints does not exist. If 
anything, the results of Froehbch and Singer and of Scott, Thoburn 
and Hanzlik [1917] suggest that the swollen and inflamed membranes 
of the synovia act as barriers to the diffusion of the salicylate.” This 
latter interesting finding confirms our observation concerning the 
diminished dye excretion by inflamed joints. From other drugs of 
practical importance only Prontosil was tested. It appeared in the 
perfusate in abundance, as described in Experiment 4. 

These two drugs should serve as examples that the technique used 
in our experiments may be useful for solving problems concerning 
pharmacology of joints. 


SUMMAKY. 

The permeability of the synovial membranes was studied by in- 
jecting intravenously a series of dyes in rabbits and cats, and perfusing 
the knee joints afterwards. 

It was found that only dyes of acid character reach the joint cavity 
and appear in the perfusate. The amount excreted was in direct 
proportion to the diffusibility of the dye. 

Alkaline dyes were not excreted into the joint cavity, irrespective 
of their diffusibility. The importance of this fact for joint pathology 
is stressed. 

The permeability of the inflamed synovial membrane is consider- 
ably diminished compared with the normal. It is proposed that this 
fact should be utilised as a functional test of joints for diagnostic 
purposes, in analogy to the dye excretion tests of the kidney. 

Sod. salicylate and Prontosil appeared in the perfusate in large 
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quantity. It is suggested that the method of joint perfusion offers 
possibilities for building up a systematic pharmacology of joints. 

I wish to express my thanks to the Medical Research Council for 
their grant and to Professor A. J. Clark for the interest taken in the 
experiments. 
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THE RATES OF ACTION AND CLEARANCE OF BARBITURATES. 
By S: C. Das. (From the Department of Pharmacology, 
University of Edinburgh.) 

{Beceived for publication Ith Fchntar]) 1940.) 


It has been shown [Das and Raventos, 1939] that the rate of clearance of 
sodium evipan can be measured conveniently by continuous intravenous 
injection into mice. 

The details of this method are as follows. An initial dose capable 
of producing 10 to 20 minutes’ sleep is given intravenously. The needle 
is left in the vein and secured to the tail with adhesive plaster. An 
apparatus [described by Das and Raventos, 1939] that will provide 
continuous injections at a rate of about 1/50 c.c. per min. is attached 
to the needle and continuous intravenous infusion is carried out. The 
technique is very simple but it is essential to keep the mice warm since 
their body temperature rapidly falls to the level of the surrounding 
temperature. 

The theory of the method has been deseribed previously [Das and 
Raventos, 1939]. A constant fraction of the drug present in the body 
is removed per minute and hence the rate of infusion which maintains 
unchanged the narcosis produced by the initial dose indicates the 
fraction of the initial dose which is cleared per minute. In the case 
of sodium evipan it was found that about 1/30 of the initial dose was 
cleared per minute [Das and Raventos, 1939, Table VI.]. 

Similar experiments in the case of pentothal sodium gave the results 
shown in Table I. In this case it was found that the solutions deterior- 
ated after 2 or 3 hours and that reliable results could only be obtained 
with perfectly fresh solutions. 

The results show that the effects produced by 40 mg./kg. pentothal 
sodium are maintained by 0-8 to 1-0 mg./kg./min. ; hence the rate of 
clearance is 1/40 to 1/50 per min. which is slower than the rate of 
clearance of sodium evipan. 

Similar experiments of this type with nembutal were less satisfactory. 
An initial dose of 40 mg./kg., which was one and a half times the median 
hypnotic dose, only produced sleep after 2 or 3 minutes, a delay which 
lessened the accuracy of the method. Continuous infusion of 0-5 
^g'/kg-/min. caused increasing depression and finally death, whilst 
recovery occurred with a continuous infusion of 0'25 mg./kg./min. 
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The rate of detoxication therefore Jay between 1/80 and 1/60 per min of 
the quantity present. ^ 

In the case of soluble barbitone it was found that the medium 
hypnotic close only produced hypnosis after about 20 min. and hence 
the method was inapplicable. 


Table I. Continttous Ineusion of Pentothal ecto JIice. 






Initial 

dose, 

mg./kg. 

Continuous 

dose, 

mg./kg./min. 

No. 

injected. 

Fate. 

30 

30 

30 

30 

40 

40 

10 

3 

3 deaths. Average time 18 min. 

5 

3 

2 deaths. Average time 50 min. 

1 depression increased. 

1*2 

3 

3 depression increased. 

3-0 

2 

2 depression increased. 

1*0 

3 

1 depression increased. 

2 depression stead 3 ^ 

0-8 

3 

1 depression steady. 

2 awakening. 


Rate of Action of Babbitueates. 

Sodium evipan and pentothal sodium, when given intravenously, 
produce their action very rapidly. For example, in the former case 
hypnosis is produced in one or two minutes b}’^ the median hy'P^^hc 
dose and death in a few minutes by the median lethal dose. In the 
latter case, however, a certain number of delayed deaths occur from 

1 to 1 hour after the administration. 

In the case of nembutal, which has a more prolonged action, the rate 
of action is distinctly slower. This fact is shown in Table II. The 
median hypnotic dose (30 mg./kg.) takes about 5 minutes to produce 
its action. The median lethal dose (60 mg./kg.) actually takes nearly 

2 hours, hut this does not appear to be a true measure of the rate of 
action of the drug since the duration of sleep in the case of the survivors 
at tliis dosage is about the same time. This recovery indicates that a 
considerable clearance of nembutal occurs in 2 hours and hence the 
occurrence of death at this time is evidently a delayed death due to some 
secondary effect such as prolonged partial anoxaemia during the deep 
narcosis, A dose of about twice the M.L.D. produces death in 10 
minutes. This is far more rapid action than that occurring with the 
delayed deaths, but considerably slower than the action of evipan. 

The delay in the rate of action is best seen in the case of the long- 
acting drug sodium barbitone. In this case (Table III.) a lethal dose 
(500 mg./kg.) only produced hypnosis after 5 minutes and the medium 
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Table H.— Action op Intkavenous Nembutal on jSIice. 


I.V. dose, 
mg./kg. 

Lethal effects. 

Hypnotic effects. 

No. 

injected. 

Incidence 

death. 

Mean time 
till death 
in min. 

Incidence 

sleep. 

Mean time 
before 
onset of 
sleep in 
min. 

Duration 
of sleep 
in min. 

200 

3 

3/3 

1-0 




160 

3 

3/3 

7 




126 

3 

2/3 

10 

1 

. . 

140 

100 

3 

3/3 

46 




80 

3 

2/3 

100 

1 

, , 

120 

60 

3 

2/3 


1 


120 

45 

4 

0/4 


4/4 

1 to 2 

40 

40 

7 

0/7 

* » 

7/7 

2 to 3 

30 

36 

8 

0/8 


8/8 

3 to 5 

26 

30 

3 

0/3 

, , 

2/3 

6 

21 

26 

4 

0/4 

• ‘ 

1/4 

5 

30 


hypnotic dose (250 mg./kg.) took 22 minutes to produce hypnosis. 
Belayed deaths after many hours occurred over a considerable range of 
dosage. 


Table III.— -Action op Intbavenous Sodium Babbitone on Mice. 


Dose, 

mg./kg. 

Latent period. 

Effects. 

250 

Slept after 22 min. 

Slept for 30 min. 

400 

.. 6 „ 

„ 6 hours. 

500 

5 „ 

Slept overnight, found dead next morning. 

600 


» »» ft 

800 



1200 

Slept at once. 


2000 


Died in 30 min. 

3000 

Died in 1 min. 



Discussion. 

Intravenous iniection into mice forms a convenient method for 
demonstrating the fact that the short-acting and long-acting hypnotics 
differ not only as regards their duration of action, but also as regards 
rate of action. The four barbiturates considered form a series both as 
regards duration of action and as regards rate of action. The slow 
action of sodium barbitone might be due to the fact that it is a much 
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feebler narcotic than sodium evipan, but this explanation will not hold 
in the case of nembutal, the activity of which is similar to that of sodium 
evipan. A consideration of the times at which deaths occur indicates 
that there are two classes, the immediate deaths due to the direct 
action of the drug and the delayed deaths due to some indirect action. 
The latter class occur most frequently with the long-acting barbiturates 
but sometimes occur with the short-acting barbiturates. 


SujiMARy. 

1. The rate of detoxication of quick-acting barbiturates in mice can 
be determined by the method of continuous intravenous infusion into 
the tail vein following a suitable initial dose. 

2. The rate of detoxication of sodium evipan was found to lie between 
1/28 to 1/35 of the quantity present per minute, and of pentotha! 
sodium between 1/40 and 1/60. 

3. Barbiturates such as barbitone, which produce a prolonged 
action, also act much more slowly than the labile barbiturates and hence 
the method described above does not give satisfactory results. 


REFERENCE. 

Das, S. C,, and Ravent6s, J. (1939). Quart. J. exp. Physiol. 29, 343. 



THE SECRETION OF URINE IN RABBITS DURING EXPERI- 
MENTAL SALT DEFICIENCY. By B. M. Wilkinson and 
R. A. McCanoe. From the Belgrave Hospital for Children, , 
London, and The Department of Medicine, Cambridge. 

(Eeceivcd for ptiblication llth April 1940.) 


The work of the nineteenth and early twentieth centuries established 
the fact that salt deficiency and azotsemia tended to occur together. 
As the experimental evidence accumulated and as the blood chemistry 
of one disease after another was investigated it became probable that 
there was a causal connection, and in 1928 Blum and his associates 
[Blum et al., 1928, 1929] put forward a theory to explain how this was 
brought about. Although this theory seems to have been based upon 
a misconception, the suggestion was an important one for two reasons. 
Firstly, it drew attention to the possibility that a number of isolated 
phenomena might have one common pathology, and, secondly, it 
stimulated a great deal of observation and experimental work. 

It has now been shown that salt deficiency, experimentally induced 
both in animals [Bilbao and Grabar, 1929; Glass, 1932; Michelsen, 
1933; Harrison and Darrow, 1939] and man [McCance and Widdowson, 
1937], causes a rise in the blood urea. In man the rise was attributed 
(a) to a reduction in the glomerular filtration rate, (6) to an increased 
re-absorption of urea (Blum’s 1928-29 theory), and (c) to the forced 
breakdown of body proteins. All three were demonstrated by experi- 
ment to accompany a deficiency, and the first was thought to be by far 
the most important. The fall in glomerular filtration rate, and also 
the increased re-absorption of urea, have been confirmed by Harrison 
and Darrow [1939] as part of the syndrome of salt deficiency in dogs. 
McCance and Widdowson [1937] showed that the fall in glomerular 
filtration rate brought about by salt deficiency in man was not due to a 
fall in arterial blood-pressure (Glatzel [1937] misquoted McCance as 
having said that the arterial blood-pressure fell), and considered that it 
might be due to anhydreemia. This could reduce the glomerular filtra- 
tion rate in a number of ways, c.gr. by raising the colloidal osmotic 
pressure of the plasma, by reducing the volume of the circulating blood 
so that the usual number of glomeruli were not filled, and by increasing 
the viscosity of the blood and so reducing the circulation rate. McCance 
and Widdowson, however, made the reservation that there might be 
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feebler narcotic than sodium evipan, but this explanation mil not hold 
in the case of nembutal, the activity of which is similar to that of sodium 
evipan. A consideration of the times at which deaths occur indicates 
that there are two classes, the immediate deaths due to the direct 
action of the drug and the delayed deaths due to some indirect action. 
The latter class occur most frequently with the long-acting barbiturates 
but sometimes occur with the short-acting barbiturates. 

SUMMABY. 

1. The rate of detoxication of quick-acting barbiturates in mice can 
be determined by the method of continuous intravenous infusion into 
the tail vein following a suitable initial dose. 

2. The rate of detoxication of sodium evipan was found to lie between 
1/28 to 1/35 of the quantity present per minute, and of pentothal 
sodium between 1/40 and 1/50. 

3. Barbiturates such as barbitone, which produce a prolonge 
action, also act much more slowly than the labile barbiturates and hence 
the method described above does not give satisfactory results. 


REFERENCE. 

Das, S. C., and Ravent6s, J. (1939). Quart. J. exp. Physiol. 29i 343. 
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60-90 minutes before the clearances were determined. The animals’ 
blood-pressures were taken by Grant and Rothschild s [1934] method. 
The red blood corpuscles were counted in a Thoma chamber and the 
hremoglobin was determined by Haldane’s method (100 i)er cent, of 
hfemoglobin-13-8 g./lOO c.c. of blood). Creatinine was determined 
by Folin’s method [Matthews, 1930] and urea by Lee and Widdowson’s 
method [1937]. 

Results. 

Nitrogen Intakes and Nitrogen Balances. 

Before this investigation began it was known that salt deficiency 
in rabbits raised the blood urea [Bilbao and Grabar, 1929; Michelsen, 
1933], and the experiments on man had made it probable that this was 
mainly due to a reduced glomerular filtration rate. Since, however, 
one of the main objects of the investigation was to make a study of the 
rabbit which would be comparable with that of man, all the possible 
causes of a high blood urea, whieh had been investigated in the latter, 
were explored. It was at once evident that the high blood ureas were not 
due to a high protein intake since the rabbits ate very little during the 
production and duration of salt deficiency. Three balance experiments 

Table I, — ^Nitkogen Balance of Rabbit I. 


Day. 

N 

Intake, 

g- 

N 

Output, 

g- 

Balance, 

g- 

Weiglit, 

kg. 

Blood urea, 
mg./lOO c.c. 

Id 

1-28 


-1-12 

3-45 

28 

2d 

0-82 

2-61 

-1-79 

3-25 


3 d 




3-17 

1 

4 



-0-53 

315 


5d 

0-75 

0-10 

-1-0-65 


32 

6d 

1-47 

2-61 

-1-14 

315 

46 

7 d 

1-44 

0-47 

+ 0-97 

3-15 


8 d 

0-41 

2-39 

-1-98 


66 

9d 

0-39 

0-96 

-0-57 

317 

60 

10 

0-51 

1-43 

-0-92 

3-12 

73 

Total loss 


6-40 

0-33 



Recovery period — salt administered. 


1 

1 -ei 

0-30 

+ 1-31 

3-20 


2 

1-59 

0-68 

+ 0-91 



3 

1-66 

1-74 

-0-08 

3-26 


4 

1-49 

0-98 

+ 0-51 

3-26 

27 

Total gain 


2-65 

0-14 



The salt deficiency was induced by diuretin, which was given on the days 
marked with a “d.” 
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some unknown and hitherto unsuspected cause which Avas primarily 
responsible. This they did because uncompensated alkalosis in man 
may produce a profound fall of glomerular filtration rate without any 
anhydrajmia and often AAuthout any fall of blood-pressure. The subject 
of salt deficiency and its attendant azotremia has been reAdeAAmd from 
slightly different aspects by Glatzel [1937], Kerpel-Fronius [1936], 
Mach [1937, 1938], and McCance [1936]. 

The present investigation Avas undertaken to study the secretion of 
urine during salt deficiency in another species and particularly to study 
the cause of the fall in glomerular filtration rate, if such should be 
discoAmred. The rabbit was chosen (a) because it can be made salt 
deficient in tAvo Avays, neither of AA'hich grossly interferes with the 
function of the gastro-intestinal tract; (6) because it has a kidney which 
is functionally rather different from that of the dog or man [Kaplan 
and Smith, 1935]; (c) because Michelsen’s [1933] work had suggested 
that it might be possible in this animal to induce salt deficiency Avdthout 
anhydrffimia. 


PBESENT INVESTIGATION. 


Methods. 

Adult male rabbits weighing about 3 kg. have been used throughout. 
Salt deficiency was induced either by the administration of diuretin 
[Bilbao and Grabar, 1929], or by injecting a 5 per cent, solution of 
glucose into the peritoneal cavity and draining off as much of the fluid 
as possible 3 hours later [Gilman, 1934]. Two injections AA'ere never 
made AAithin 24 hours of each other. Water was administered through 
a No. 9 rubber catheter passed into the stomach. Urine Aras collected 
from the bladder by a No. 3 rubber catheter. For this operation the 
rabbit was supported in a sitting position and the infant catheter, 
lubricated Avith parafBn, Avas passed into the urethra in a slightly doAA'n- 
ward direction for about 2 cm. The catheter and penis were then 
depressed and the former passed on into the bladder. Firm abdominal 
nressure Avas used to empty the viscus completely and it was not washed 
out bv injecting water or air. In carrying out clearances at high rates 
f urine flow the experimental periods varied from 15 to 60 minutes 
° d'na to the expected volume. Blood was collected as required 
accor 1 g / Por clearance tests it Aras withdraAvn 

in the middle of each period. The blood was treated with 
exactly oxalate and centrifuged as quickly as possible, 

minimal q chemical determinations. Intravenous injec- 

Plasma vas marginal vein of the ear. The creatinine 

tions were ma ^ measure of the glomerular filtration rate 

clearance was v plasma creatinine was raised by 

[Kaplan and Smi ’ A subcutaneously as a 5 per cent, r-' '■ ' 

injecting about Ig.oi cream 
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CO-90 minutes before tlio clearances were determined. Tlie animals’ 
blood-pressures were taken bj’’ Grant and Rothschild’s [1934] method. 
The red blood corpuscles were counted in a Thoma chamber and the 
hasmoglobin was determined by Haldane’s method (100 per cent, of 
luBmoglobin = 13-8 g./lOO c.c. of blood). Creatinine was determined 
by Folin’s method [Matthews, 1930] and urea by Lee and Widdowson’s 
method [1937]. 

Results. 

Nitrogen Intakes and Nitrogen Balances. 

Before this investigation began it was known that salt deficiency 
in rabbits raised the blood urea [Bilbao and Grabar, 1929; Michelsen, 
1933], and the experiments on man had made it probable that this was 
mainly due to a reduced glomerular filtration rate. Since, however, 
one of the main objects of the investigation was to make a study of the 
rabbit v'hich would be comparable with that of man, all the possible 
causes of a liigh blood urea, which had been investigated in the latter, 
were explored. It was at once evident that the high blood ureas were not 
due to a high protein intake since the rabbits ate very little during the 
production and duration of salt deficiency. Three balance experiments 

Table I. — Nitrogen Balance of Rabbit I. 


Day. 

N 

Intake, 

B- 

N 

Output, 

B- 

Balance, 

g- 

Weight, 

kg. 

Blood urea, 
mg./lOO c.c. 

1 d 

1-28 

2-40 

-M2 

3-45 

29 

2d 

0-82 

2-61 

-1-79 

3-25 


3 d 

0-73 

0-70 

-i-0-03 

3-17 

1 

4 

0-32 

0-85 

-0-53 

3-15 


5d 

0-75 

0-10 

-(-0-65 


32 

6d 

1-47 

2-61 

-1-14 

3-15 

46 

7 d 

1-44 

0-47 

+ 0-97 

3-15 


8d 

0-41 

2-39 

-1-98 



9 d 

0-39 

0-96 

-0-57 

3-17 


10 

0-51 

1-43 

-0-92 

3-12 


Total loss 


6-40 

0-33 



Becovery periodtsalt administered. 


1 

1-61 

0-30 

+ 1-31 

3-20 


2 

1-59 

0-68 

+ 0-91 



3 

1-66 

1-74 

-0-08 

3-26 


4 

1-49 

0-98 

+ 0-51 

3-26 

27 

Total gain 


2-65 

— 

0-14 



The salt deficiency was induced by diuretin, which was given on the days 
marked with a “d.” 
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were carried out. The results of one are given ii 'j '/‘able I. The others 
were similar except that in them the intakes 'dfik outputs were not 
measured during the recovery phase. The small N intake and the 
negative balance are clearly shown during the deprivation period 
and the increased intake and positive balance during the recovery 
period. The rabbit’s normal N intake may be gauged from the intake 
during recovery. If an allowance had been made for the fluctuations 
in the blood urea the negative and positive balances shown in Table I. 
would both have been larger [McCance, 1935-363. These results are 
very like those obtained on man [McCance, 1935-36]. They differ 
mainly in that the humans managed to maintain their food intakes 
almost within normal limits while they were salt deficient. This, 
however, did not prevent them being in negative nitrogen balance. 
Compare also for this Mchelsen’s [1933] observations. 


24:-hour Urea Clearances. 

For these tests the animals were kept in metabolism cages and the 
urines were allowed to collect for 24 hours under toluene. At the end 
of the 24- hour periods the rabbits were lifted and induced to empty 
their bladders by firm abdominal pressure. Eight experiments, each 
lasting 3-5 days, were carried out on 6 normal rabbits and the effects 
of salt deficiency were studied in 7 animals by means of 10 experiments. 
The animals were given a weighed ration of cabbage every day, usually 
150-200 g., and this was always eaten. They were in all but a few 
experiments allowed free access to water, and in some additional water 
was administered by stomach tube. In Tables II. and III. the heading 
“Total fluid intake” includes not only the water taken as such but also 


Tabus II. — ^Average Daily Water Balances, Urea Clearances, etc., 
OF HoRMAL Rabbits. 











Eeiial I'unction of Salt Deficient Rabbits 253 

the water in the cabbage, and, in those animals being made deficient by 
glucose, the fluid which could not be recovered from the peritoneal 
cavity. The blood used for estimating urea was taken as nearly as 
possible half-way through the period over which urine was being collected. 
When the blood ureas were rising in the deficient animals considerable 
inaccuracies may have attended the determination of the clearances, 
but it is thought that these can be ignored since the changes in the 
clearances were so gross. Blood for Inemoglobin was taken just before 
glucose was injected into the peritoneal cavity. 


Table III. — Water Balances, Clearances, etc., in Salt 
Deficient Babbits. 


Rabbit. 

Day. 

Total 

fluid 

intake, 

c.c./day. 

Urine, 

c.c./day. 

Urine 

flow, 

c.c./sq. m./ 
min. 


Urea 
clearance, 
c.c./sq. m./ 
min. 

Hasmo- 
globin, 
per cent. 

E 

1 9 

147 

188 


37 

20-20 

77 


2 9 

131 

87 


87 

3-05 

78 


3 


28 

0-11 

133 

0-28 

76 

E/ 

1 9 

235 





80 


2 9 

315 

373 

1-42 

28 

33-10 

82 


3» 

312 

348 

1-33 

25 

20-30 

77 


4 

240 

162 

0-62 

40 

9-00 

66 

Rr 

Iff 

90 





73 


2ff 

110 

70 

0-23 

25 

13-50 

78 


3ff 

130 

44 

014 

84 

1-86 

74 


4 

100 

30 

009 

166 

0-29 

73 

R/ 

1 ff 

312 





73 


2 ff 

229 

345 

1-17 

23 

30-30 

71 


3ff 

245 

235 

0-81 

28 

14-20 

69 


4 g 

312 

34 

0-12 

68 

1-00 

64 

■■ 

5 

132 

95 

0-32 

141 

1-99 

58 


r indicates that the fluid intake was restricted, / that it was artifloally raised. 
On days marked with a g glucose was administered intraperitoneally . 


In normal rabbits the intake of fluids varied considerably from day 
to day and was not always accompanied by a corresponding change in 
output. It is probable that a rabbit’s water metabolism is much less 
sensitively adjusted than a man’s or a dog’s. The normal blood ureas 
did not vary much from day to day, nor did the urea clearances, although 
fluctuations of 14 to 36 c.c./sq. m.-/min. were observed in one animal. 
In Table II. will be found the average results for each of the normal 
rabbits. Table III. shows experiments illustrating the effect of 
progressive salt deficiency on the blood urea, urine volume, and urea 
clearance. The animals were made deficient by injecting glucose 
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intraperitoneally, and the experimental days on which this was done are 
marked with a g. The normal results for these animals are given in 
Table II. It will be observed that as salt deficiency developed, (a) 
excluding rabbit E/, which was quite exceptional, there was a tendency 
for the urine volume to fall, even when the animaThad free access to 
water. This tendency was more clearly shown in some of the 
experiments which have not been quoted. (6) The blood ureas 
invariably rose, (c) The clearances fell to an extremely low figure in 
tlmee of the experiments. In the fourth the fall was not so great and 
was accompanied by the smallest rise in blood urea obsenmd in all 
these experiments. The explanation of both these findings probably 
lies in the fact that the water intake was artificially raised, and this in 
turn increased the flow of urine and urea clearance {vide infra). Very 
difiFerent results were obtained when this animal was allowed to regulate 
its own consumption of water and these are also shown in Table III. 
(d) As judged by hsemoglobin measurements there was never any 
appreciable anhydrremia 24 hours after a paracentesis and the administra- 
tion of extra water caused some hydraemia. (e) The changes in weight 
were negligible. When all the experiments were considered together 
it was evident that, although there was no anhydrmmia, an oliguria was 
the natural outcome of salt deficiency, and these facts must indicate 
abnormal retention of water. In man oligurias of this degree were 
not observed during salt deficiency, but at times there was an increase of 
body weight which must have been due to a retention of water. This 
phenomenon therefore is common to both species. 


Creatinine and Urea Clearances at High Minute Volumes. 
Kaplan and Smith [1936] showed that in the rabbit the glomerular 
filtration rate varied with the minute volume of the urine. This has 
been amply confirmed in the present investigation at high rates of urine 
flow, and therefore it has been necessary to compare the clearances of 
the normal -with those of the deficient animals at similar rates of flow. 
In order to do this normal rabbits were given water by stomach tube, 
catheterised at appropriate intervals and their clearances determined 
as described earlier in this paper. The same animals were then made 
salt deficient either by glucose or by diuretin, and, 24 hours after the 
last paracentesis, attempts were made to redetermine the clearances at 
comparable minute volumes. This, however, was never very easy to 
do because of the difficulty of promoting an adequate diuresis. More 
water had to be given, and given at an earlier time than to the normals, 
and even then some deficient animals never produced even a moderately 
Wgh rate of urine flow. No volumes over 5-4 c.c./sq. m./min. were 
obtained whereas volumes up to 8 c.c./sq. m./min. were sometimes 
orded’in the normal animals. Proceeding along the lines described. 
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curves relating clearances and minute volumes were secured from the 
normal and deficient animals. The averaged results are compared 
in fig. 1 in which each point represents the mean of 10-14 individual 
determinations. Data obtained from 3 individual animals are given 
in fig. 2. It will be seen that the clearances of both creatinine and urea 
were reduced by salt deficiency, and that the higher the level of urea 
in the blood the lower the clearances tended to be (fig. 2, rabbits y 
and 2 ). 

The ratios of the urea/creatinine clearances in normal and salt 
deficient animals at dififerent urine flows were as follows : — 

Normal flows, c.c./sq. m./min., 0-97, 2*07, 2-92, 4-02, 5T0, 5*92, 7-20, 8'05. 
Normal U/C clearance ratios, 0-39, 0*47, 0-44, 0-46, 0'61, 0-44, 0-47, 0-47. 
Salt-deficient urine flows, c.c./sq. m./min., l-OO, 2-04, 3'10, 4-22, 4-91. 
Salt-deficient U/C clearance ratios, 0-43, 0-45, 0-47, 0-48, 0’50. 

The normal ratios average 0'46 and the deficient 0*47. The agreement 
is a close one, and shows that at these urine flows there was no additional 
re-absorption of urea by the tubules of the salt deficient animals. 

There ate two other ways of looking at the results, summarised in 
fig. 1. Both are instructive. In the first place, at equal minute volumes 
the deficient animals had lower U/B ratios than the normal ones. In 
the second, at equal glomerular filtration rates, the deficient animals 
had larger urine volumes, i.e. they re-absorbed less water from their 
glomerular filtrates. 


Creatinine and Urea Clearances at Low Minute Volumes. 

Kaplan and Smith [1935] found that the clearances of creatinine 
and urea continued to fall as the minute volumes fell below 1. This 
was the effect to be expected from a consideration of the minute volume- 
clearance curves between 1 and 6 e.c./sq. m./min. In the present 
investigation the clearances during salt deficiency have behaved in this 
way, but for some reason the clearances of the normal animals have not 
(fig. 1). In the 24-hour clearances, moreover, at urine flows averaging 
0-922 c.c./sq. m./min. the urea clearances averaged 22-2 c.c./sq. m./min. 
and at flows averaging 0-536 c.c./sq. m./min., 25 c.c./sq. m./min. The 
reason for these rather unexpected findings may be technical in origin, 
but there may be some unknown factor complicating the issue, and this 
seems the more probable explanation. There is, however, good reason 
to believe that the very low minute volumes encountered during the 
studies of 24-hour urea clearances in salt deficient animals must have 
been associated with very low creatinine clearances (glomerular filtration 
rates) and that these were in themselves almost enough to account for 
the high blood ureas. 
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intraperitoneally, and the experimental days on which this was done are 
marked with a g. The normal results for these animals are given in 
Table II. It will be observed that as salt deficiency developed, (a) 
excluding rabbit E/, which Avas quite exceptional, there Avas a tendency 
for the urine volume to fall, even Avhen the animal had free access to 
water. This tendency was more clearly shoAAm in some of the 
experiments which have not been quoted, {b) The blood ureas 
invariably rose, (c) The clearances feU to an extremely low figure in 
three of the experiments. In the fourth the fall Avas not so great and 
Avas accompanied by the smallest rise in blood urea observed in all 
these experiments. The explanation of both these findings probably 
lies in the fact that the water intake AAms artificially raised, and this in 
turn increased the flow of urine and urea clearance (aide infra). Yery 
different results were obtained when this animal was allowed to regulate 
its own consumption of water and these are also shoAAm in Table III. 
(d) As judged by haemoglobin measurements there was never any 
appreciable anhydraemia 24 hours after a paracentesis and the administra- 
tion of extra water caused some hydraemia. (e) The changes in weight 
were negligible. When aU the experiments were considered together 
it Avas evident that, although there was no anhydraemia, an oliguria was 
the natural outcome of salt deficiency, and these facts must indicate 
abnormal retention of water. In man oligurias of this degree were 
not observed during salt deficiency, but at times there was an increase of 
body weight which must have been due to a retention of water. This 
phenomenon therefore is common to both species. 


Creatinine and Urea Clearances at High Minute Volumes. 

Kaplan and Smith [1935] showed that in the rabbit the glomerular 
filtration rate varied with the minute volume of the urine. This has 
been amply confirmed in the present investigation at high rates of urine 
flow, and therefore it has been necessary to compare the clearances of 
the normal vdth those of the deficient animals at similar rates of flow. 
In order to do this normal rabbits were given water by stomach tube, 
catheterised at appropriate intervals and their clearances determined 
as described earlier in this paper. The same animals were then made 
salt deficient either by glucose or by diuretin, and, 24 hours after the 
last paracentesis, attempts were made to redetermine the clearances at 
comparable minute volumes. This, however, was never very easy to 
do because of the difiiculty of promoting an adequate diuresis. More 
water had to be given, and given at an earlier time than to the normals, 
and even then some deficient animals never produced even a moderately 
Web rate of urine flow. Ko volumes over 5-4 c.c./sq. m./min. were 
btained whereas volumes up to 8 o.c./sq. m./min. were sometimes 
ded'in the normal animals. Proceeding along the lines described. 
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curves relating clearances and minute volumes were secured from the 
normal and deficient animals. The averaged results arc compared 
in fig. 1 in which each point represents the mean of 10-14 individual 
determinations. Data obtained from 3 individual animals are given 
in fig. 2. It will be seen that the clearances of both creatinine and urea 
were reduced by salt deficiency, and that the higher the level of urea 
in the blood the lower the clearances tended to be (fig. 2, rabbits y 
and z). 

The ratios of the urea/creatinine clearances in normal and salt 
deficient animals at different urine flows were as follows : — 

Normal flows, c.c./sq. m./min., 0-97, 2-07, 2-92, 4-02, 5-10, 5-92, 7-20, 8-05. 
Normal U/C clearance ratios, 0-39, 0-47, 0-44, 0-46, 0*51, 0-44, 0-47, 0-47. 
Salt-deficient urine flows, c.c./sq. m./min., l-OO, 2-04, 3-10, 4-22, 4'91. 
Salt-deficient U/C clearance ratios, 0-43, 0-45, 0-47, 0'48, 0*50. 

The normal ratios average 0-46 and the deficient 0-47. The agreement 
is a close one, and shows that at these urine flows there was no additional 
re-absorption of urea by the tubules of the salt deficient animals. 

There are two other ways of looking at the results, summarised in 
fig. 1. Both are instructive. In the first place, at equal minute volumes 
the deficient animals had lower U/B ratios than the normal ones. In 
the second, at equal glomerular filtration rates, the deficient animals 
had larger urine volumes, i.e. they re-absorbed less water from their 
glomerular filtrates. 


Creatinine and Urea Clearances at Low Minute Volumes. 

Kaplan and Smith [1935] found that the clearances of creatinine 
and urea continued to fall as the minute volumes fell below 1. This 
was the effect to be expected from a consideration of the minute volume- 
clearance curves between 1 and 6 c.c./sq. m./min. In the present 
investigation the clearances during salt deficiency have behaved in this 
way, but for some reason the clearances of the normal animals have not 
(fig. 1). In the 24-hour clearances, moreover, at urine flows averaging 
0-922 c.c./sq. m./min. the urea clearances averaged 22-2 c.c./sq. m./min. 
and at flows averaging 0-635 c.c./sq. m./min., 25 c.c./sq. m./min. The 
reason for these rather unexpected findings may be technical in origin, 
but there may be some unknown factor complicating the issue, and this 
seems the more probable explanation. There is, however, good reason 
to believe that the very low minute volumes encountered during the 
studies of 24-hour urea clearances in salt deficient animals must have 
been associated with very low creatinine clearances (glomerular filtration 
rates) and that these were in themselves almost enough to account for 
the high blood ureas. 
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-Creatinine and urea oleawnces of normal and salt deficient rabbits at 
high rates of unne flow (averaged results). 



Normal creatinine clearances x 

Abnormal “Deficient” creatim'ne clearances 

Normal urea clearances •. ", 

“Deficient” urea clearances o 

B.U. =]evel of blood inea at which the set of clearances was carried out. 
Fig. 2.— The effect of salt deficiency on the clearances of individual rabbits. 
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Defedive Dmresis after Forced Water in Salt Deficient Rabbits. 

Reference has already been made to the difficulty of obtaining high 
rates of urine flow dtaring salt deficiency. This is a phenomenon which 
has been observed in man [Baldes and Smirk, 1934; McCance, 1936; 
McCance and Widdowson, 1937] and was a very characteristic feature 
of the human experimental work. It is an aspect of salt deficiency 
which nray be connected with the fall in glomerular filtration rate, 
although there is no direct evidence for this. Some quantitative 
experiments have been carried out on tlie rabbits, one of which is 
illustrated in fig. 3, A. It will be seen that salt deficiency prevented the 
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Fia. 3. — The inhibiting efiect of salt deficiency upon the production of a diuresis. 


normal diuresis after giving the water by mouth. This is just what 
happens in man. Most of the water may ultimately be excreted at a 
slower rate, but the fine adjustment between intake and output has been 
destroyed. Fig. 3, B, shows that the course of events was similar after 
fluid (5 per cent, glucose) had been given intravenously, so that delayed 
absorption from the intestine is not the cause of the slow diuresis during 
salt deficiency. 


Caiise of the Fall in Glomerular Filtration Rate. 

The changes in function induced by salt deficiency are very 
reminiscent of those which McCance and Widdowson [1937] obtained 
ill normal men, and it is clear that the pathology is essentially the same 
in both species. ^ This is satisfactory since the reasons for the fall in 
glomerular filtration rate can be analysed more fully in the rabbit than 
they can in man. The usual explanations are (1) anhydrsemia [Gomori 
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et al., 1939], (2) a low blood-pressure. Experiments have been carried 
out to study the relationship of both of these to the rise and level of 
blood urea in the rabbits. The animals were made salt deficient by 
intraperitoneal glucose and their blood-pressures, percentages of biemo- 
globin and blood ureas u'ere followed. In these short experiments a 
change in the percentage of hmmoglobin was taken to indicate a change 
in the volume of the circulating plasma and to be a permissible index of 
the degree of hydrssmia. The findings in three experiments are shown 
in fig. 4, A, B, and C. The time relationships are important. It will be 



Fw. 4. — Course of the blood pressure, hajrnoglobin, and blood urea during the 
production of salt deficiency by intraperitoneal glucose. 

noted that in each experiment the hemoglobin rose and the blood- 
pressure fell immediately after the first paracentesis [Gilman, 1934]- 
If subsequently, determinations were made at frequent intervals the 
hemoglobin was always found to return quite quickly to normal. The 
blood-pressure findings were more variable, but after 24 hours the 
readings were always near the normal, generally slightly below— but 
see fig 4 A. The second intraperitoneal administration of glucose and 
' the subsequent paracentesis had similar but more pronounced effects 
n the hemoglobin and the blood-pressure. After a further 24 hours 
had passed however, the hemoglobin was always normal and the 
Twesswe normal or approaching normal. The pressure curve in fig. 4, A, 
• • rather exceptional in this respect. The fluctuations in blood 

IS ^ ^ variable. It was usual to have a large rise after the 

rSond paracentesis, which reached its peak 24 or more hours later. 
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Sometimes the urea rose for 48 hours and to levels above 200 mg./lOO c.c. 
Sometimes it scarcely changed at all (fig. 4, C). The following con- 
siderations suggest that the changes in hydrajraia and blood-pressure 
were not in themselves enough to account for the renal disorganisation 
as judged by the high ureas and the reduced clearances. (1) There was 
no correspondence between the fall of pressure, rise of hmmoglobin, and 
the rise of blood urea. In the experiment shown in fig. 4, A, for example, 
the blood urea finally fell at a blood-pressure at which it had initially 
risen. In another experiment (fig. 4, C) the changes in blood-pressure 
and hsemoglobin were quite as great or greater than they were in the 
experiment shown in fig. 4, A, yet there was no more than a slight and 
transient rise in the blood urea. (2) Whatever the immediate effects 
of paracentesis on the haemoglobin and blood-pressure, the former was 
always and the latter almost always Avithin normal limits 24-30 hours 
after the second paracentesis. Yet this Avas the time the blood ureas 
were often at their highest (fig. 4, B) and the clearances were certainly 
not normal, for (a) the present work has gone to show that in rabbits 
clearances tend to vary inversely as the blood ureas (fig. 2). (6) The 

clearances at high rates of urine flow {vide sufra) were always tested 
24-30 hours after a paracentesis. They Avere always subnormal Avhen 
the rabbits Avere salt deficient and their blood ureas liigh. Anhydrsemia, 
therefore, and hypotension may have depressed the glomerular filtration 
rates for some hours after each paracentesis, but it is improbable that 
either were major causes of Ioav glomerular filtration rates 24 hours 
after a paracentesis. To Gomori et al. [1939] anhydrsemia (exsiccosis) 
is the one important cause of renal dysfunction in salt deficiency. This 
is probably due to the fact that these authors have always produced 
their salt deficiencies by pyloric ligature. This method would inevitably 
have led to an “exsiccosis.” Gomori, moreover, used cats. In man, 
and probably also in cats and dogs, anhydrsemia ineAdtably accompanies 
salt deficiency ; in rabbits, however, see Table III., this is not necessarily 
the case, for the anhydrsemia can be overcome by giAung fluids. If, 
therefore, Gomori had worked on rabbits, and had used several methods 
of producing salt deficiency, he might have reached other conclusions. 

It may be that in salt deficiency the blood-flow through the kidney 
is reduced by some local vasomotor mechanism. There is no evidence 
at present to support this, but possibly the evidence could be obtained. 
It may be that the glomerular filtration rate is reduced by some meta- 
bohc abnormahty in the glomerular membranes or by a dilatation of 
the efferent glomerular arterioles. These are mere conjectures. The 
present results, however, suggest that there are local as well as general 
reasons for the fall in glomerular filtration during salt deficiency, and 
that some cause for the fall will be found in the kidney itself. 
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Causes of the High Blood- Ureas. 

When one turns to a consideration of the causes of the liigh blood 
ureas it is clear that these are (1) a reduced glomerular filtration rate at 
all urine flows (rabbit and man). (2) An extreme oliguria (in the 
rabbit) at normal fluid intakes. This oliguria, which is due to abnormal 
water retention, can be prevented by raising the fluid intake to a 
sufiicientty high level. It is not obvious in man, although man also 
shows abnormal water retention when he is salt deficient and fails to 
excrete water normally under test. (3) Excessive breakdown of body 
proteins — probably an unimportant cause in both species. 

SxTMMAKY. 

(1) Salt deficiency was induced experimentally in the rabbit {a) by 
administering diuretin by mouth to animals on a low salt diet, (b) by 
injecting glucose solutions intraperitoneally and withdrawing the fluid 
some hours later by paracentesis. 

(2) Salt deficiency so induced led to 

(а) A negative N balance and possibly an excessive breakdown of 
body proteins. 

(б) An abnormal water balance characterised by a failure to excrete 
water normally under test and by an extreme oliguria at normal fluid 
intakes. 

(c) A reduced glomerular filtration rate at aU urine flows which 
cannot be satisfactorily explained by anhydrsemia or a fall of blood- 
pressure and the cause of which probably lies in the kidney itself. 

(a), (6), and (c) acting together lead to very high blood ureas. 

(3) Salt deficiency in the rabbit produces the same signs of renal 
disorganisation as it does in man, and the pathology must be essentially 
the same in both species. 

Much of this work was done at the Medical School of King’s College 
Hospital, London, and the authors ■nish to acknowledge with thanks the 
facilities which they were given there. 
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EXPERIMENTAL HEART-FAILURE IN RABBITS. By T. G. 
Akmsteong. From the Department of Pathology, Cambridge 
University. 

[Received for publication lltb June 1940.) 

Foe some time previous to the war I was engaged in an attempt to 
produce an experimental constrictive pericarditis in rabbits. The 
method employed followed closely that of Beck [1929, 1930], who 
irrigated the pericardium of dogs with Dakin’s fluid. Owing to the 
smallness of the animal, however, and the delicacy of the pericardium, 
irrigation was not found feasible, and a simple injection of a small 
quantity of the solution was made into the pericardium. The results 
were surprising, for the animals, with very few exceptions if a strong 
enough solution was used, died of massive pleural effusions within 
fourteen days of operation. It soon became evident that the condition 
produced in these animals, although not constrictive pericarditis, bore 
great similarity to the results reported by Dible and Lynch [1938]. 
They observed the same phenomenon after the injection of small 
quantities of tincture of iodine into the pericardium of rabbits. They 
attributed the effusions to two processes : firstly, to an increase in the 
permeability of the pleural capillaries as a result of the aseptic inflamma- 
tion of the mediastinum ; and secondly, to an obstruction to the egress 
of fluid from the pleura along the mediastinal lymphatics. They Avere 
clearly of the opinion that failure of the heart played no part in the 
production of the hydrothorax, and deliberately rejected it as a cause, 
after mature consideration. As my own work was primarily concerned 
with the heart, my attention was focussed on this organ and its dysfunc- 
tion. Working on these lines, my investigation of the causes of the 
hydrothorax yielded results very different from those of Dible and 
Lynch. 

Method Employed. 

The approach to the pericardium was exactly similar to that em- 
ployed by Dible and Lynch. A mid-line incision was made over the 
sternum, and the pectoral muscle was separated from the sternum and 
costal cartilages and reflected laterally. A thin sheet of muscle — the 
pectoralis minor was then separated and retracted laterally, leaving 
the ribs and costal cartilages entirely bare. Fine-pointed scissors were 
used to cut the 3rd, 4th, and 5th costal cartilages at their extreme 
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anterior ends at tlieir attachment to the sternum. It is of great im- 
portance that they should be separated at this site, for if the cut is 
made too far laterally the internal mammary artery may be divided, 
or a pneumothorax may ensue. When the costal cartilages had been 
freed, a vertical cut was made uith the scissors through the fibres of 
the transversus thoracis muscle and the fascia posterior to it. Con- 
siderable attention must be paid to this step, for the fascia behind the 
transversus thoracis muscle is liable to be mistaken for the pericardium, 
in which case the injection is made into the anterior mediastinal tissues 
instead of into the pericardium itself, and no result will follow the 
operation. After division of this fascia the heart and pericardium will 
be seen overlaid by the thj^mus and a small quantity of fatty tissue. 
These tissues should then be retracted headwards after separation from 
the pericardium with a blunt dissector. When this is done, a clear 
and wide exposure of the pericardium and heart is obtained. The 
injection is best made with a small needle, the last ^ of an inch of which 
has been bent to an angle of about 130°. 

The substances used for injection were three in number; 

1. Tincture iodi mitis — 0-2 c.c. 

2. Daldn’s solution. Pull strength. 0-2 c.c. to 0-5 c.c. Owing 

to the rapid deterioration of this solution it is important that 
only freshly prepared Dakin’s fluid should be used. 

* 3. Gelatine, calcium chloride, and acriflavine solution, 0*5 c.c. 
to 1-0 c.c. 


The effects of these three solutions injected into the pericardium 
were practically the same. No further mention will be made of the 
gelatine-calcium chloride solution: it is quoted only to confirm Dible 
and Lynch’s finding that a variety of irritants produce the same result. 

Immediately after the injection is made into the pericardium, the 
heart is seen to dilate, and the rate slows until only a few feeble con- 
tractions are taking place. Very soon the rate and force of the contrac- 
tions return, but the size of the heart remains larger than normal, at 
least for the short time until the chest is closed. This acute dilatation 
of the heart is most marked when Dakin’s fluid is injected, but is well 
seen though to a less extent, after the injection of tincture of iodine. 

Mention must also be made here of certain other technical procedures 
which were used before and after operation in these animals. In a 
small series of cases the size of the heart was investigated by radio - 
anhv before and after operation. The method adopted was to tie 
the animal down on a long plywood board, reinforced by battens at the 
'd s and ends. The fore-paw^s rvere held firm bj^ a string which passed 


« cTPlatine 5 per cent., calcium chloride 5 per cent., in 1/2000 acri- 

* salne. Tliis is recommended by Hunter for producing calcification 

in the lung. 
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over two cleats anteriorly, and the hind legs were secured by a similar 
process behind. The animal -was prevented from rotating or moving 
laterally by two padded flanges at right angles to the main plane of 
the apparatus. These flanges formed a gutter about four inches deep 
into which the thorax of the animal fitted. In this way standard 
conditions were obtained, and the animal was always in the same 
position for the series of radiographs which were taken. The film was 
placed between the animal’s chest and the plywood. The animals 
were all radiographed in the vertical position, as it was found that a 
clearer view of the heart was obtained in this way than when the 
horizontal position was used. 

In a further small series of cases arterial blood-pressures were taken 
before and after operation. The method employed was that of com- 
pressing the arteries of the ear by a rubber capsule connected to a 
mercury manometer. The systolic pressure was taken as the lowest 
point at which the column of blood was broken. Readings were always 
taken after the animals had been confined in a warm box until the 
ear vessels showed a maximal dilatation. In the final acute experiment 
the systolic and diastolic blood-pressures were taken by a direct method, 
using a cannula and a Wigger’s capsule. 

Venous pressures were taken in all cases by the direct method. A 
long cannula was introduced into the jugular vein and passed down to 
the base of the heart. The cannula was attached to a manometer 
containing citrate solution. Readings were taken when it was seen that 
there was a free movement of the column of fluid in the manometer. 
In most cases the pressures were taken at the base of the heart, but 
in a small series pressures were taken, in addition, from the jugular 
veins themselves and from other veins, including the portal. In all 
cases the zero reading was taken from the level of the base of the heart, 
the position of which was directly measured in each animal. 

Proof of the Identity of the Effects of Dakin’s Eltjid 
AND Tincture of Iodine. 

In the first instance, it was the post-mortem appearances which 
suggested that the condition produced after the injection of Dakin’s 
fluid was identical with that produced by iodine. As the morbid 
anatomical findings were essentially the same, a general description of 
both will be given, and two short protocols of representative experiments 
will be appended. 

Immediately after recovery from the ansesthetic the animals appeared 
well, and by the following day the appetite was normal. The fiirst sign 
of trouble was usually a failure of appetite, but this seldom ensued 
before the 6th or 7th day after operation. Even so, the animals 
appeared well until they suddenly became dyspnosie at some time 
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between the seventh and fourteenth day. The onset of marked 
dyspnoea was seldom survived for longer than 24 hours. Dyspnoea was 
obvious in degree, and the animals would be seen with their heads 
thrown back and the alae nasi distending with each laboured breath. 
Even at this stage it was seldom possible to demonstrate effusions vdth 
the stethoscope or by percussion. Often, but not invariably, oedema 
of the scrotum and abdominal wall and of the subcutaneous tissue of 
the chest might be demonstrated. Death ensued rapidly and took 
place quite suddenly. If the effusions were tapped they rapidly 
recurred, and it was impossible to stave off a fatal termination by this 
means. 

Post-mortem shorved frequently, but not always, oedema of the 
dependent parts, particularly of the scrotum and abdominal wall; 
in bucks, oedema always appeared first in the scrotum. 

On opening the chest, 20 to 50 c.c. of fluid, sometimes blood-stained, 
were usually found in each pleural cavity. Often there was a dense 
netw'ork of fibrin covering the pleural surfeces, particular^ that of the 
mediastinum. When the fibrin was stripped off the pleura, the under- 
lying membrane was shiny and showed no injection of the vessels. 
This was true of the whole pleura excluding that immediately covering 
the pericardium, where it was usually inflamed and somewhat shaggy. 
There were, in fact, no signs of pleural inflammation, except in that 
part which lay directly over the pericardium. The lungs were collapsed, 
and except in the very rarest cases showed no trace of oedema. 

The pericardium was usually a little thickened, but in no case was 
there any evidence that it was either dense or hard enough to constrict 
the heart or interfere Arith its action. Pericardial effusion was never 
seen. In no instance was there evidence of obstruction to the great 
veins, either systemic or pulmonary, as they pierced the pericardium 
to enter the heart. The heart itself was sometimes normal and some- 
times abnormally flabby. In the cases in which gelatine and calcium 
chloride were injected the flabbiness was extreme and, after removal, 
the mushroom-like collapsing of the heart left no doubt that a toxic 
myocarditis rvas present. Microscopy of the myocardium in cases 
treated with Dakin’s fluid and tincture of iodine showed no definite 
changes; there was certainly no fatty degeneration. In many cases, 
however, a change was seen in the nuclei, which had become fragmented 
and appeared to lie in vacuoles in the cytoplasm. But this change 
may well have been an artefact, and it was felt that little weight could 

be attached to it. j . , j 

The mediastinal tissues rvere cedematous, and much serum oozed 
from them Avhen they were opened. A characteristic finding was that 
the mediastinal glands were greatly enlarged, turgid with fluid, and of 
le translucent plum-colour. Microscopy showed the sinuses widely 
d'^tended with coagulated lymph containing large numbers of red cells 
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and lymphocytes. Innumerable dilated tortuous lymphatics were 
seen leading to and from these glands. The lymphatics were readily 
visible with the naked eye and often attained the size of the normal 
thoracic duct. 

Frequently, but again not always, there was an effusion into the 
peritoneal cavity. The liver was always congested and nutmeg in 
appearance, and sometimes local areas of yellow necrosis were seen. 
Under the microscope venous congestion was not always seen, but a 
wide distension of the sinusoids with oedema fluid was an invariable 
finding. The intestines were always empty and distended with quanti- 
ties of gas. The mesenteric and systemic veins were congested. 

This post-mortem picture was built up on the appearances found in 
some 80 rabbits in which injection of one or other of the substances 
mentioned above had been made into the pericardium. 

In order to emphasise the identity of the post-mortem appearances 
a summary of two protocols is appended. 

Rabbit 0636. Weight 2020 g. 

17/5/39. Operation: Pericardium approached by the usual route. 
0-3 c.c. tinct. iodi mitis injected into pericardium. No immediate 
effect on the heart was apparent. 

20/6/39. Weil. Radiographed. No effusions. 

24/5/39. Well. Radiographed. No effusions. 

26/5/39. Dyspnceic. OEdematous. Radiographed. Bilateral effu- 
sions. Chest tapped. 25 c.c. removed from right chest; 20 c.c. from 
left chest. Given 8 c.c. urethane and killed after acute experiment. 

Post-moriem . — Gross oedema of neck, chest wall, scrotum, and 
abdominal wall. Bilateral pleural effusions. Patchy collapse of lungs. 
Pleura normal except over pericardium. Heart flabby and small. 
Trace of oily blood in pericardium. Pericardium slightly thickened. 
Liver congested and showed a red reticular pattern on the surface. 
Large, congested, plum-coloured mediastinal glands. Many dilated 
lymphatics in the thorax, especially a large plexus anterior to the 
aorta. No ascites. Gut congested and full of gas. Mesenteric and 
systemic veins engorged. 

Rabbit 0691. Weight 2080 g. 

21/6/39. Operation: Pericardium exposed by usual route. 0-5 c.c. 
full strength Dakin s fluid injected into pericardium. Immediate 
dilatation and slowing of the heart was seen. 

29/6/39. Radiographed. Heart shadow obscured by large right 
pleural effusion. 5 c.c. of fine suspension of Hydrokollag 300 injected 
into the effusion. 

30/6/39. Killed after acute experiment. 

Post-mortem. Scrotum cedematous. Bilateral pleural effusions. 
The Hydrokollag was loculated in a fibrinous mass just above the 
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diaphragm. Much fibrinous cobw^eb in both pleural cavities. Peri- 
cardium bgbtly adherent to the heart but not thickened. Lungs 
collapsed. Enormous pale mediastinal glands distended udth colourless 
fluid. Ascites 50 c.c. Nutmeg liver. Congested bowel full of gas. 

These two experiments are representative of the fully developed 
condition found in rabbits treated vdth {a) tincture of iodine, and (6) 
Dakin’s fluid, and they serve to show the identity of the post-mortem 
appearances in each case. 

IjrVESTIGATIONS MABE ON THE PbEPARATIOH. 

I. To test the Hypothesis of Increased Capillary Permeability 
and Lymphatic Obstruction, 

Dible and Lynch postulated an increase in the permeability of the 
pleural capillaries. They reached this conclusion because they found 
that the effusions were stained blue after the intravenous injection of 
Trypan Blue. They stated that the dye must have escaped from the 
capillaries into the effusion, and alleged that this was evidence of 
abnormal capillary permeability. Although I have never used Trypan 
Blue, several experiments were made for other purposes in which 
Pontamine Blue 6 BX was injected intravenously into normal rabbits 
a short while before thej'- were killed. In all cases where peritoneal 
fluid was present in the abdomen — ^there are often a few c.c. of fluid 
in the normal rabbit’s abdomen — this was well stained by the dye. 
It would appear, therefore, that the rabbit’s capillaries are normally 
permeable to dyes, and that the normal body fluids ivill become stained 
after intravenous injection. The staining of the effusions cannot be 
accepted as evidence of unusual capillary permeability. 

Dible and Lynch also postulated an obstruction to the egress of 
fluid along the lymphatics between the pleura and the mediastinal 
glands. No mechanical obstruction was ever demonstrated, but they 
considered that the high protein content and viscosity of the exudate 
rendered it unable to traverse the lymphatics of the inflammatory zone. 
Their evidence was based upon the finding that Indian ink injected into 
the pleural effusions failed to reach the mediastinal glands in four days. 
Indian ink injected into the pleura of the normal animal was always 
found to have reached the mediastinal glands after this interval. 

Their experiments are open to criticism owing to the extreme liability 
of Indian ink to flocculate and become unabsorbable when in contact 
ith fluids vdth a high protein content. The experiment already 
^ f d Babbit 0691, is a clear indication of this. Even the Hydro- 
V 11 v 300 which is much less liable to flocculate than Indian ink, had 
hPcome inspissated, and after 24 hours was loeulated in a position 
V h rendered its absorption impossible. Moreover, the distension of 

lympfiatics and the size of the mediastinal glands strongly suggest 
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that the lymphatics were doing more, rather than less, than their normal 
share of worls. The following experiment appears conclusive : — 

Babbit 0570. 

22/3/39. Pericardium approached by usual route. 0*25 c.c. tincture 
iodi mitis injected into pericardium. 

30/3/39. Animal lulled after acute experiment under urethane. 

Post-morievi. Showed bilateral pleural effusions — 20 c.c. each side. 
Very slight oedema. Congested liver. 

Acute Experiment . — The thoracic duct in the neck was cannulated 
indirectly through the jugular vein after tying off all the tributaries 
and the superior vena cava. The cannula then lajj- in a closed venous 
sac into which the onlj’^ entry was the thoracic duct. Heparin was 
injected intravenously to prevent clotting. A good flow of slightly 
blood-stained lymph was obtained from the cannula. 10 c.c. of slightly 
blood-stained fluid were then vdthdrawn from the left pleural cavity, 
and 5 c.c. of 5 per cent. Pontamine Blue 6 BX in normal saline were 
injected into the effusion in its place. Twenty minutes later the 
lymph escaping from the thoracic duct was lightly but clearly stained 
with blue. Blood was then withdrawn from a vein, and the animal 
lulled. After centrifuging this blood the serum showed no trace of 
blue. 

This experiment shows clearly that dyes injected into the pleural 
effusion are recoverable from the lymph in a short space of time. The 
dye could not have reached the lymph by way of the blood-stream, 
because at this time the serum itself was unstained. The only explana- 
tion is that the effusion and its contained dye were being rapidly 
absorbed through the lymphatics. It would appear, therefore, that the 
path of lymphatic absorption is intact. In view of the dilatation of 
the lymphatics and the distension of the glands, it is probable that the 
lymphatics are carrying along their path a larger than normal volume 
of fluid. 

II. Observations suggesting that Failure of the Heart is the Causal 

Mechanism. 

(a) Morbid Anatomy. The morbid anatomical findings, when con- 
sidered in their entirety, are highly suggestive of heart failure. The 
constancy and predominant nature of the pleural effusions are apt to 
lead one astray if due weight is not given to the other findings. This is 
probably the reason why Bible and Lynch turned to other factors for 
an explanation. 

In addition to pleural effusions, all the animals showed congestion 
of the liver, many showed cutaneous cedema, and quite a large pro- 
portion showed ascites as well. These findings in themselves should 
suggest cardiac failure. 

VOL. XXX., NO. 3.— 1910. 
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At tlie same time as these experiments were being made, Dr. A. N. 
Drur}'- was working on the effects of arteriovenous aneurysms produced 
experimentally in rabbits. The method used was to divide one internal 
carotid artery and to unite the proximal end with the jugular vein by 
side to side anastomosis. He found that a small percentage of animals 
so treated developed anasarca and died suddenlj\ Post-mortem showed 
large bilateral pleural effusions and a picture in the rest of the body 
identical vdth that found in the animals into whose pericardia Daldn’s 
fluid or iodine had been injected. This correspondence extended even 
to the dilatation of the thoracic lymph channels and to the enlargement 
of the mediastinal ly^mphatic glands. There was great enlargement 
of the heart, engorgement of the sj^stemic veins and liver, cutaneous 
oedema, and sometimes ascites. 

Protocol. 

(1) Anastomosis, 2nd February 1939. March 1: Ascites suspected. 
March S: Scrotal oedema obrdous and gross ascites. March 9, 1939: 
Animal killed, 600 c.c. of ascitic fluid withdrawn. Scrotal oedema 
very definite. Pleural eSusion. Mlateral, small in amount. Thoracic 
lymph channels slightly dilated. Mediastinal ly^mphatic gland slightly 
enlarged. Liver engorged. Generalised cedema indefinite. 

(2) Anastomosis, 2nd February 1939. March 10: Slight generalised 
oedema. Killed 17th Jlarch. Bilateral pleural effusion, blood-stained 
and considerable in amount. Thoracic l5'mph channels dilated. 
Mediastinal lymphatic gland enlarged. Ascites moderate in amount. 
Liver ungorged. Gross generalised oedema. 

In these cases there had not been the slightest interference with 
the thoracic mscera, the pleural capillaries were undamaged, and the 
mediastinal tissues were not the seat of experimental inflammation. 
The}' show clearly that a condition rvhich could be none other than a 
failure of the heart, occasioned by a large arteriovenous shunt, could 
produce post-mortem appearances identical with those found in the 
animals under discussion. 

(b) Venozia Presszires . — IVhile the post-mortem evidence is sug- 
gestive, the results of experiments on the circulatory dynamics of these 
wnimals are quite convincing. 

In taking venous pressures the method used was to pass a long 
glass cannula down the jugular vein to the base of the heart. The 
cannula was filled with citrate solution and was coimected to a 
manometer. In aU cases the thoracic wmlls were intact. Readings from 
the manometer were taken in every case in reference to a zero line 
passing horizontally through the base of the heart. This zero line was 
measured directly' in each case after the death of the animal, the thoracic 
walls having been removed and the heart completely exposed. 

Readings of the venous pressure at the base of the heart were taken 
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in 28 animals as normal controls. Their range, in centimetres of water, 
mil be seen from fig. 1. The readings were nearly always at or below 
zero. While readings were occasionally as low as -3 or even -5cm. 
water, the highest normal reading was +2-2; this reading occurred 

only once and was never exceeded. 

In the normal animal it was noticeable that the venous pressure 
fiuctuatecl with each respiration, and a distinct movement of the column 



Fig. 1. — Venous pressures taken at the base of tho heart. 1. Controls; 2. After 
injection of iodine .into pericardium; 3. After injection of Dakin’s fluid into 

pericardium. 

of blood could be seen in the cannula where it met the citrate solution. 
In the pathological animal it was noticeable that this respiratory 
fluctuation was either diminished or obliterated. This is graphically 
represented in fig. 1, where two points joined by a line represent the 
variations in pressure in each animal. It will be noticed that in the 
pathological animals these pressure fluctuations have been damped out, 
and in some entirely obliterated. In these animals fluttering pulsations 
of the veins coinciding with the heart-beat were seen. Sometimes the 
veins pulsated almost like arteries, and it seems likely that in these 
animals an incompetence of the tricuspid valve was present, the result 
of dilatation of the a - v ring. 

Ten observations on the venous pressure were made in the patho- 

19* 
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logical animals during acute experiments after -ndiich the animals were 
killed. All had pleural effusions. It will be seen from fig. 1 that the 
A^enous pressure was raised to a gross extent in every case, and that the 
rise was as significant in those treated Avith iodine as in those treated 
Avith Daldn’s fluid. Whereas the normal venous pressure in the rabbit 
is in the neighbourhood of ± 1 cm. Avater, in those treated AAuth iodine 
it varied from + 4-8 to +10 cm. Avater and in those treated with Dakin’s 
fluid it Amried from +4-5 to +10-8 cm. Avater. 

(c) Enlargement of the Heart . — ^It has already been stated that direct 
Ausual observation at the time of operation shows that the heart dilates 
immediately the irritant is injected into the, pericardium. This acute 
dilatation is greater when Dakin’s fluid is inj'ected than after the use 
of iodine. 

It Avas decided, therefore, to ascertain Avhether there was any per- 
manent increase in the size of the heart. For this purpose the animal 
Avas radiographed before operation in order to obtain a control tracing 
for each individual. Following operation it was radiographed again, 
and in a few animals a series of plates were taken on successive days. 
The outline of the heart was then traced from the film on to a strip of 
transparent cellophane, and finally transferred to paper. The results 
are seen in fig. 2. 

In these figures the outline of the heart after operation has been 
superimposed on its outline before operation in order to shoAV the 
difference in size. No attempt has been made at accurate super- 
imposition, so that the tracings only give information about general 
enlargement of the heart. They give no indication of the chamber of 
the heart which Avas enlarged. It must be emphasised, however, that 
the method of radiography employed ensured that the animal was 
in the same position Avhen each photograph Avas taken. It is certain, 
therefore, that each tracing provides accurate information about the 
absolute size of the heart at any given time. 

It Avill be seen from fig. 2 that in nearly every case a significant 
increase in the size of the heart aa^s demonstrable after operation 
indeed it Avas seen at the operation itself — and it persisted until the 
death of the animal. As pericardia] effusions Avere absent at post- 
mortem it is clear that the increase in the cardiac shadow was due to 
enlargement of the heart itself. 

Increase in the size of the heart may be caused by two conditions, 
amely hypertrophy and dilatation. As it is clear that there was 
insufficient time for hypertrophy to develop, there is no doubt that in 
these animals the increase in the size of the heart was caused by 

dilatation, argued that the rise in venous pressure was 

cause of the pleural effusions but rather resulted from them; 
not tto intrathoracic pressure due to the effusion was the 
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immediate cause of tbe rise in venous pressure. Unfortunately, no 
readings of the venous pressure at the base of the heart could be taken 

ritr»s, f'l.utji 
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Fig. 2. — ^Tracings of rabbit hearts taken before and after operation. 1. Tracing 
from the normal animal before operation; 2. Tracing taken after operation. In 
each case the number of days after operation is indicated, foUovred by venous 
pressure value in cm. of ivater. The venous pressure recorded at the time of 
the final acute experiment is given in each case and is expressed in centimetres 
of water. The same venous pressures are recorded graphically in fig. 1 . 


before the onset of the effusions without killing the animal, and there is, 
therefore, no information as to the time of appearance of these two 



Fio. 3. — Rabbit 0623. 1. Tracing of the heart before operation. 

16/5/39. 0*5 c.c. Dakin’s fluid injected into pericardium. 

20/5/39. Radiographed. Tracing No, 2 made from film. Radiography at this time 
shoiTcd no effusion. 

24/5/39. Radiographed. Heart still eidarged. Small right-sided pleural effusion. 

factors. On the other hand, there is no doubt that the dilatation of 
the heart preceded the onset of the effusions. Pig. 3 shows that in the 
case of Rabbit 0623 there was marked dilatation of the heart four days 
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after operation, but that signs of effusion did not appear until a further 
four days had elapsed. It is contended, therefore, that the combination 
of cardiac dilatation and a rise of venous pressure, mhen taken in con- 
junction -with the post-mortem findings, offers unquestionable evidence 
that the condition of these animals is occasioned by failure of the heart. 
The absence of significant histological changes in the heart muscle 
Arhich caused Dible and Lynch to discard the hypothesis of cardiac 
failure is undisputed, but it is felt that the present evidence from the 
liAung animal far outiveighs this consideration and demonstrates clearly 
that cardiac failure is indeed the cause of the syndrome. 


III. Observations made on the Preparation. 


The foregoing remarks Avill have made it clear that a condition 
closely resembling congestive cardiac failure in man can be readily 
induced by experimental procedures in the rabbit. The preparation 
offers an excellent opportunity for the study of the dynamics of cardiac 
failure, and a number of investigations had been planned and avouM 
have been carried out had it not been for the outbreak of Avar. The 


feAV observations made, hoAA'ever, are perhaps Avorthy of record. 

(1) Diminution of the Pressure Gradient in the Great Feins. — The 
pressure in the jugular vein of the rabbit may easily be taken by inserting 
the cannula into a large branch AA'hich joins the vein some distance 
beloAV the angle of the jaAV. If the point of the cannula lies in the 
branch just aboAm its junction Avith the main vessel, the pressure reading 
taken aaIH represent the lateral pressure in the main trunk itself. Ih'om 
this position the cannula can be rapidly slipped doAAm the lumen of 
the jugular vein to the base of the heart, and a reading can then be 
taken in this situation. In the normal animal there is a AA'ell-marked 
pressure gradient betAAmen the jugular vein and the entry of the great 
A'eins into the heart itself. In the fcAv normal animals that Avere studied 
the difference of pressure betAveen these tAvo situations Avas 5-8 cm. 
Avater. Five observations Avere recorded on rabbits in AALich an experi- 
mental failure of the heart had been induced (Table 1). In all cases 


there AA'as a very marked diminution in the pressure gradient betAA'cen 
the jugular vein and the base of the heart ; in three animals the gradient 
had been so decreased that it aa^s impossible to measure it. The 
pressures AA^ere high in both situations, but the difference betAA’-een them 
had been greatly diminished. 

This observation is of importance as it helps to explain the nature 
of the failure of the circulation on the venous side of the heart. It is 
■°bvious that the venous return depends not only upon the hydrostatic 
° re in the veins, but also upon the pressure gradient AAdiich exists 
the course of the venous tree. No matter horn high the venous 

® •« will -firiTir f.liA IipaW-. nnlooc -flno ■nT'occsiirp. 


pressure lUtvy 


r be, no blood Avill Aoav tOAvards the heart unless the pressure 
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in the peripheral veins is higher than that in the great venous trunks. 
The velocity of blood-flow in a vessel varies directly with the pressure 
gradient which occurs along its course, and any diminution of this 
gradient udll occasion also a decrease in the velocity of blood-flow. 
It follows, therefore, that in these animals suffering from heart failure 
there must have been a greatly diminished rate of inflow of blood into 
the heart in spite of the rise in venous pressure. 

Table I. — ^^’■ENOus Pkesstoes in Centimethes of Water. 


hTorrnal animals. 

Animals in heart failure. 

Jugular 

vein. 

Base of heart. 

Difference. 

No. 

Jugular 

vein. 

Base of 
heart. 

Difference. 

6-9 

-1-3 to -0'9 

8-0 

■g 

+ 12 

+ 10-0 

2-0 


+ 2-2 to +2-7 

5-8 

B 1 SI' 

+ 9-6 

+ 9-6 

0 




B \ 

+ 4-3 

+ 4-3 

0 



5-8 

B ! 

-f- 7-0 

+ G-5 

0-5 



5-5 

111 

+ 8-0 

+ 6-0 

30 


(2) Maintenance of the' Arterial Pressure while the Heart is Failing . — 
It is well known in clinical medicine that a failure of the heart 
does not always occasion a fall in systemic arterial blood-pressure. 
The preparation under discussion conforms to this finding, for in all 
of six animals which were investigated from this standpoint no signi- 
ficant fall in arterial pressure occurred during the period of cardiac 
failure. 

The method adopted for measuring the arterial blood-pressure 
without destroying the animal has already been briefly described. It 
provides a figure for the systolic blood-pressure only. It is, of course, 
not a method of great accuracy, but the experimental error is probably 
not greater than ± 10 mm. Hg. In all cases a minimum of four readings 
was made and the mean of these taken as the final reading. Readings 
were usually taken on four successive days before operation in order to 
establish a control for the animal under observation. Readings were 
then taken at varying intervals after operation. At the final acute 
experiment the systolic and diastolic pressures were taken by the 
direct method after cannulating the carotid. 

Representative results of two experiments are plotted in fig. 4 
and show that up to and including the day of the final acute experiment, 
when the animals were proved to be in failure, no significant fall in 
arterial pressure had taken place. 

It would seem, therefore, that in the heart failure manifested by 
these animals there was a redistribution of blood to the venous side. 
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This was reflected in the rise of venous pressure. The velocity of the 
blood in the veins was also slowed, and its inflow into the heart was 
impeded. These deductions follow from the reduction in the venous- 
pressure gradient. Yet the systemic arterial pressure remained at 
its normal level, suggesting that the left ventricle was doing its work 
with unimpaired efficiency. The absence of either oedema or con- 
gestion of the lungs supports this hypothesis. It is suggested, therefore, 
that in these animals there is a failure of the heart which is much more 
marked on the right than on the left side. It is, in effect, a prepon- 
derating right-sided heart failure. 



Fig. 4. — Arterial pressures before and after operation. 


It is possible that the irritant injected into the pericardium produced 
a toxic myocardial degeneration of the superficial fibres of the heart. 
If this is true, the effect would be felt over a definite depth of cardiac 
muscle all over the surface of the heart. As the right ventricle is much 
thinner than the left, a relatively greater proportion of its thickness 
would be damaged by the irritant, and a correspondingly greater 
degree of failure of the right ventricle would be manifested. 

(3) Observations on the Protein Content of the Effusions . — It was 
thought at first that information might be obtained either for or against 
heart failure as a cause of the syndrome from a study of the protein 
content of the effusions. If the effusions were inflammatory in nature, 
as suggested by Dible and Lynch, it was thought likely that they would 
show the characters of an exudate, -with a high total protein content 
^nd a relatively low albumen -globulin ratio. If, on the other hand, 
1 eart failure was the cause, it was thought that they would prove to 
be transudates with a low protein content. All estimations were done 

1 the micro-Kjeldahl method. 

As has been shown elsewhere, there is no doubt that the cause of the 
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condition was a state of failure of tbe heart. There is, therefore, no 
doubt that the effusions were in fact formed by a process of “transuda- 
tion.” As will be seen from a study of Table II., the protein content 


Table II. — Showing the Photein Concentrations of Serum and Ascitic 
AND Pleural Effusions in Rabbits suffering from Experimental 
Heart Pailure. Micro -Kjeldahl :Method. Milligrams per 100 c.c. 





Total 

protein. 

Albumen. 

Globulin. 

A./G. 

0360 

Dakin’s fluid 

/Pleural 

1 Ascitic 

3- 92 

4- 69 

3-32 

3-63 

0-60 

1-06 


0361 

Dakin’s fluid 

/Serum 

\Ascitic 

6-61 

4-13 

4-34 

3-32 

1-27 

0-81 


0373 

Dakin’s fluid 

/Pleural 

/Ascitic 

3-10 

3-70 

2-61 

3-08 

0-69 

0-62 

4-26 

4-95 

0570 

Iodine 

/Serum 

5-62 

4-24 

1-28 


\ Pleural 

3-77 

3-12 

0-66 

4-8 



( Serum 

3-67 

2-60 

1-07 

2-4 

0671 

Dakin’s fluid 

-j Pleural 

2-45 

1-76 

0-70 

2-5 



1 Ascitic 

2-87 

2-11 

0-76 

2-8 

0623 

Dakin’s fluid 

/ Serum 

5-48 

3-99 

1-49 

2-7 


1 Pleural 

4-13 

3-04 

1-09 

2-8 

0636 

Iodine 

/Serum 

5-52 

4-44 

1-08 

4-1 

\ Pleural 

3-01 

2-24 

0-77 

2-9 


Gelatine 






0379 

calcium 

I Pleural 

3-09 

2-64 

0-45 


chloride 

solution 

j Ascitic 

3-89 

3-27 

0-62 

5-2 



of the effusions, both peritoneal and pleural, if taken alone, would have 
led one to believe that they were inflammatory in nature and caused 
by a process of “exudation.” The total proteins were high, and in 
those cases in which simultaneous observations were made on the 
serum the effusion proteins and the albumen-globulin ratio often 
approached the figures for the serum itself. Moreover, fibrinogen was 
always present, and, to judge by the amount of clot, was often found in 
quite large quantities; it was never directly estimated. This again 
is no bar to the diagnosis of transudation, for fibrin is present even in 
the fluid normally found in the rabbits’ peritoneum. Several estima- 
tions were made by the same method on this normal fluid, and the 
results are tabled in Table III. It will be seen that, in comparison 
with the pathological effusions, it is much less rich in protein. Never- 
theless, its protein content is higher than might have been expected. 
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and at least reaches the figure Avhich -vrould normally be considered a 
transudate. 

Table III. — Sho^ving the Concentration- of Proteins in the Noejul 
Peritoneal Fluid of Rabbits. Micro -Kjeldahl LIethod. JMilligrams 
PER 100 c.c. 


No. 

Total Protein. 

Albumen. 

Globulin. 

A./G. 

0284 

1-8 

1-31 

0-49 

2-6 

0298 

1-38 

1-41 

0-23 

4-9 

0302 

0-96 

0-66 

0-30 

2-2 

0281 

1-65 

1-32 

0-33 

3-9 

0294 

1-68 

1-23 

0-45 

2-7 


The logical conclusion to draw from these figures is that no hard 
and fast line, such as is usually accepted, can be drawn between exudates 
and transudates. The value of protein estimations in differential 
diagnosis is of less value tlvan is generally believed. 

This view is not out of keeping with the general teaching of 
physiology and pathology, for in reality both are produced by the 
same phj^sical principles. Assuming a constancy in the value of 
the plasma proteins, the factors at work in producing effusion are the 
capillary pressure and the capillary permeability. In heart failure 
and in inflammation these are both increased. In inflammation the 
capillary pressure rises because of vascular dilatation, and the per- 
meability is increased by the action of bacterial toxins ; in heart failure 
the capillar}’- pressure rises because of the rise in venous pressure, and 
the permeability is increased by anoxsemia resulting from reduction 
in the velocity of the blood. On theoretical grounds there would seem 
no reason to doubt that a severe rise in the venous pressure and a 
severe slo-ndng of the circulation can produce the same mechanical 
factors as inflammation itself. While it cannot be denied that some 
effusions in their protein content are characteristic of the process of 
transudation, and others, of inflammatory nature, are typical of exuda- 
tion it must not be forgotten that the one type merges imperceptibly 
into' the other. The overlap is of such dimensions that in all these 
animals differential diagnosis from the effusion itself was quite 
impossible. 

SUMMABy AND CoN-CLUSIONS. 

1 The effect of injecting Dakin’s fluid and iodine into the peri- 
cardium of the rabbit is described. 

2 The resulting changes are shown to be caused by heart failure, 
and not by inflammation and lymphatic obstruction as heretofore 

believed. 
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3. The preparation is a simple method of producing experimental 
failure of the heart. 

4. In these animals, in addition to a rise of venous pressure, a 
reduction of the pressure gradient in the veins was demonstrated. 

5. During the course of the heart failure the arterial pressure 
remained constant. 

6. Erom investigation of the protein content of the effusions the 
conclusion ■was dra-wn that too rigid an interpretation of the characters 
of transudates and exudates cannot be accepted. In the type of heart 
failure under discussion the effusions have the characteristics normally 
ascribed to exudates. 
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THE MECHANISM OF CAPILLARY CONTRACTION. By A. G. 
Sajtdebs, R. H. Ebert, and H. W. Eeorey, From the Sir 
William Bunn School of Pathology, Oxford. 

{Beccivcd for publication Hth Julu 1940 .) 

Krogh [1929] in his well-known book on the capillaries summarised 
the literature up to that date on the question of capillary contraction 
and the mechanism by which it was produced. The views which he 
there expressed are now almost universally accepted by authors of 
text-books. Briefly he considered the evidence was sufficient to show 
that the independent contractility of capillaries was due to the presence 
on their walls of adventitial cells — Rouget cells — which contracted, and 
by means of protoplasmic processes surrounding the capillary caused 
the narrowing of the lumen. 

Since that summary appeared further work has been done which 
shows that the position is by no means so clear-cut. 

Some investigators [Kahn and Pollack, 1931; Field, 1935; Beecher, 
1936 a and 6] described active capillary contractions, but others [Sandi- 
son, 1931; Clark and Clark, 1935; Zweifach, 1939] concluded that no 
active contraction occurred and that capillaries played only a passive 
part in the control of the circulation. The Clarks [1935] state that 
although they saw active contraction of capillary endothelium in 
amphibian larvae, they could find no true contraction of capillaries in 
the rabbit’s ear. Sandison [1931] described changes in the calibre of 
capillaries as passive, depending chiefly on pressure changes inside 
(and outside) the capillary, coupled with a certain elasticity of the 
endothelium. Zweifach [1934] has observed contraction of capillary 
endothelium in response to direct stimulation, but thinks that normally 
“the changes in capillary diameter which do occur are slow and passive ” 
[Zweifach, 1939]. He states that diminished intracapiUary pressure 
and good endothelial tone cause a gradual narrowing of the capillary 
lumen over a period of 15 to 30 minutes. He believes much confusion 
arises from the fact that there is no adequate definition of the term 
“capillary.” He points out that many observers have probably con- 
fused “arteriovenous bridges,” which possess a ferv scattered muscle 
cells and contract actively, with true capillaries, which have no muscles 
and contract passively. 

Beecher [1936 a, 6] made observations on a “preformed tissue” 
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chamber in the ear of a rabbit> and did not verify tbe Clarks’ findings. 
He described active contractions of capillaries in the rabbit after various 
stimuli. Tbe “preformed tissue” type of rabbit-ear chamber contains 
vessels having their normal innervation, but suffers from the dis- 
advantage that tbe thickness of the tissue is so great that accurate 
observations with high powers of the microscope cannot be made. 

The Mechanism of Cafielahy Conteaction. 

Two mechanisms have been postulated to explain capillary con- 
tractility; (o) Contractile perivascular elements (Rouget cells), and 
(6) endothelial contraction. 

(a) JRouget Cells . — ^ICrogh [1929] summarises the evidence for this. 
Later observers agree that capillary contractions are accompanied fay 
longitudinal folds in the wall of the capillary [Kalm and Pollack, 1931], 
and that there is an actual decrease in the external diameter of the 
capillary [Field, 1935]. Bensley and Vimtrup [1928] studied supra- 
vital preparations of the nictitating membrane, and described myofibrils 
in Rouget cells which stained specifically with Janus green B. 

The theory that Rouget cells are active contractile elements has 
been criticised by Sandison [1931], Clark and Clark [1935], and Zweifach 
[1936-37]. Using rabbit-ear chambers, Sandison and the Clarks found 
no evidence that Rouget cells play a part in capillary contraction. 
They claimed that capillaries sometimes contracted (passively) away 
from adventitial cells. Zweifach [1934] made observations on capil- 
laries in the tongue, nictitating membrane, mesentery, and intestinal 
wall of the frog, and actual^ stimulated individual adventitial cells 
with micro-needles. Although a Rouget cell rounded up in response 
to the stimulus, there was no contraction of the capillary. He says 
that longitudinal folding does not necessarily denote the presence of a 
contractile adventitial cell since an inert cell which simply adheres to 
the capillar 5 '- wall could cause folding [Zweifach, 1936-37]. He also 
repeated the Janus green experiments of Bensley and Vimtrup [1928], 
and concluded that the dye stained connective-tissue fibres in the region 
of the capillarj’^ and not myofibrils. 

(b) Endothelial Cells . — Having failed to find positive evidence for 
the contractile nature of Rouget cells, Clark and Clark [1925], Florey 
and Carleton [1926], and Zweifach [1934] suggested endothelium as 
the active factor. Zweifach states “Mechanical stimulation of the 
endothelium, especially at the nuclear nodes, causes a localised constric- 

of the capillary wall with the appearance of ridges or folds in the 
^Hace and accompanied by a thickening and bulging of the endo- 
fhelial nucleus into the lumen of the vessel.” 

^ <5 IV tiff of the endothelial nucleus into the lumen of a constricted 

eT\as also been described by Kahn and Pollack [1931] in tbe 
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nictitating membrane, Field [1935] in the mesentery of the rat, and 
Beecher [1936 a) in the ear of the rabbit. 

Kahn and Pollack [1931], Field [1935], and Beecher [1936] have 
combined the two divergent views and describe two types of capillary 
contraction: {a) Contraction of Rouget cells accompanied by longi- 
tudinal foldings and a decrease in the external diameter of the capillary, 
and (6) contraction caused by swelling of endothelial nuclei in which 
there is little change in the external diameter of the vessel. 

The observations to be described in this paper were made, in the 
first instance, incidentally, during the course of experiments rvith a 
modified Sandison-Clark chamber (Ebert, Florey, and Pullinger, 1939) 
in which the behaviour of tissue cells was being watched. In this type 
of chamber newly grown tissue of extreme thinness — 30 p. or less — can 
be obtained. It is possible to see the small vessels with greater clarity 
and more highly magnified than by any other means at present available. 
For visual observation a 2-mm. Leitz apochromatic objective in con- 
junction with 7 X oculars in a binocular body (Leitz) was used. The 
photographs were taken on Kodak E.F. panchromatic film with a Leitz 
Mkas attachment using the same objective and a 10 x periplanatic 
eyepiece. 

The spontaneous contraction and dilatation which appeared in the 
finest capillary vessels can perhaps be best appreciated by reference to 
the photographs (figs. 1, 2, 3, 4, and 5). 

Many observations were made in a number of chambers, but the 
contractions were never visible in all capillaries — what determined the 
condition of contractility was not apparent. 

Observations of this kind left us unable to determine whether the 
adventitial cell really played a part in contraction. Contractions 
certainly took place in their neighbourhood, though no change in their 
shape could be determined with certainty. Swellings of endothelium 
which diminished the lumen were certainly observed. 

In order to clarify this position further it was necessary to produce 
contractions at will. This was most simply and successfully accom- 
plished by stimulation of the peripheral end of the cut cervical sym- 
pathetic nerves. Three rabbits carrying good chambers were used. 
The chambers had been in their ears for several months so that nerves 
had had ample time in which to grow on to the vessels.' 

The animal was ansesthetised with Nembutal (0-5 c.c. per kilo) 
given intravenously, supplemented by ether during the dissection of 
the cervical sympathetic nerve. 

The nerve was prepared, but not tied or cut, and the chamber fixed 
to the stage in the usual way, the heating apparatus being put in place 
so that the ear should be about 37° C. (for details of this arrangement, 
see Ebert, Sanders, and Florey, 1940). A suitable capillary was then 
selected and watched with the oil-immersion lens. Firstly, the intact 
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sympathetic was faradically stimulated (30 make-and-break shocks per 
second), which produced contractions. The sympathetic was then cut. 
This greatly increased the speed of flow through the vessels of the 
ear-chamber, with dilatation of the arterioles. 

Before stimulation of the peripheral end of the sympathetic the 
eflfect of pinching the common carotid was observed. This greatly 
reduced or stopped the flow through the ear, and it is certain that the 
intravascular pressure must have been quite small. Nevertheless, 
except in one instance, only the slightest diminution of the diameter 
of the capillaries was observed. Nor were the arteriole diameters 
much affected. The effect of stimulation of the nerve was then tried. 
In all three rabbits the swelling of the endothelial cell in the region of 
the nucleus to block the capillar3'^ lumen was clearly seen. The latent 
period from the beginning of stimulus was about 15 to 20 seconds, 
and the capillarj'’ remained contracted up to 45 seconds after the 
cessation of the stimulus. The Rouget cells present were not observed 
to undergo any change nor did the outside diameter of the capillary 
sensibly diminish during contraction. These effects were photographed 
(figs. 6, 7, 8, and 9). 

Both the celluloid chambers of Clark and his collaborators and ours 
made of the plastic substance, perspex, suffer from the defect that the 
full numerical aperture of the condenser cannot be used owing to the 
thickness of material over which the tissue to be observed grows. 

A chamber of the folloTring design enables fuU use to be made of 
both condenser and oil-immersion lens, so that it may be said that for 
ordinary illumination the optical arrangements have been made as good 
as at present seems possible. 

The base of the chamber is made of sheet-silver 0-6 mm. thick, in 
the centre of which is a circular hole 8 mm. diameter. A disc of 
perspex 1-1 mm. thick fits this hole tightly and is flush with the under 
surface. Both faces of the perspex are highly polished and are flat. 
As the silver is too thin for the bolts to be screwed into it, these are 
fixed with nuts on both sides. The total diameter of the chamber is 
40 mm. to allow for lateral movement of the chamber relative to the 
condenser (a Watson holoscopic), which, with its top lenses in position, 
is rather broad. The buffers are put on in the usual way. The design 
of the lid has been slightly modified so as to lessen the “carry” of the 
mica coverslip which, ndth such a large chamber, would be likely to 
buckle unduly (fig. 10). 


Insebtiox of the Chambek. 

In general, the insertion is done as previously described [Ebert, 
V\ and Pullinger, 1939], but certain modifications have to be made. 
A °^Tticularly broad ear is necessary, and, even so, the central artery 



Fig. 1. Fig. 2. 

Fig. 1. — Capillary showing Roiiget cell. 

Fig. 2. — Same capillary contracted. An endothelial nucleus has bocomo 
visible and the Rouget cell appears more closely applied to the wall, which is 
somewhat indented. This appearance was rarely seen. The contraction in this 
capillary was observed to occur “naturally.” 
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sympathetic was faradically stimulated (30 make-and-break shocks per 
second), wliich produced contractions. The sympathetic was then cut. 
This greatly increased the speed of flow through the vessels of the 
ear-chamber, with dilatation of the arterioles. 

Before stimulation of the peripheral end of the sympathetic the 
effect of pinching the common carotid was observed. This greatly 
reduced or stopped the flow through the ear, and it is certain that the 
intravascular pressure must have been quite small. Nevertheless, 
except in one instance, onlj’’ the slightest diminution of the diameter 
of the capillaries was observed. Nor were the arteriole diameters 
much affected. The effect of stimulation of the nerve was then tried. 
In all three rabbits the swelling of the endothelial cell in the region of 
the nucleus to block the capillary lumen was clearly seen. The latent 
period from the beginning of stimulus was about 15 to 20 seconds, 
and the capillarj’^ remained contracted up to 45 seconds after the 
cessation of the stimulus. The Rouget cells present were not observed 
to undergo any change nor did the outside diameter of the capillary 
sensibty diminish during contraction. These effects w'ere photographed 
(figs. 6, 7, 8, and 9). 

Both the celluloid chambers of Clark and his collaborators and ours 
made of the plastic substance, perspex, suffer from the defect that the 
full numerical aperture of the condenser cannot be used owing to the 
thickness of material over which the tissue to be observed grows. 

A chamber of the foUoAving design enables full use to be made of 
both condenser and oil-immersion lens, so that it may be said that for 
ordinary illumination the optical arrangements have been made as good 
as at present seems possible. 

The base of the chamber is made of sheet-silver 0-6 mm. thick, in 
the centre of which is a circular hole 8 mm. diameter. A disc of 
perspex 1-1 mm. thick fits this hole tightly and is flush ndth the under 
surface. Both faces of the perspex are highly polished and are flat. 
As the silver is too thin for the bolts to be screwed into it, these are 
fixed with nuts on both sides. The total diameter of the chamber is 
40 mm. to allow for lateral movement of the chamber relative to the 
condenser (a Watson holoscopic), which, with its top lenses in position, 
is rather broad. The buffers are put on in the usual way. The design 
of the lid has been slightly modified so as to lessen the “carry” of the 
mica coverslip which, ndth such a large chamber, would be likely to 
buckle unduly (fig. 10). 


Insertion of the Chamber. 


T general, the insertion is done as previously described [Ebert, 
^ and Pullinger, 1939], but certain modifications have to be made. 
Florey, an^ broad’ ear is necessary, and, even so, the central artery 




Fig. 1. Fig. 2. 

Fig. ] . — Capillary showing Ronget toll. 

Fig. 2. — Snmo capillary contracted. An endotholial nucleus has becoino 
visible and the Rougot cell appears more closely applied to the wall, which is 
somewhat indented. This appearance was rarely seen. The contraction in this 
capillary was observed to occur “naturally.” 



Fig. 3. Fig. 4. Fig. n. 

Figs. 3, 4, and o. — Contraction in a capillary. Note swelling of endothelial 

nuclei. 

In fig. 5 the junction of the capillary with another vessel is contracted and a red 
cell is being squeezed through. 

The Rouget cells present do not seem to be actively involved. 
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Fig. C. 


Fig. 7. 



Fig. 8. Fig. 9. 

Figs. G, 7, 8, and 9. — Photographs taken during stimulation of the ceivical 
sympathetic nerve. 

p-jg. 0 — Before stimulation. Note endothelial cell, E, and Rouget cell, R. 

Fjg 7. — During stimulation. Note swelling of endothelial nucleus and no 
change m Rouget cell. 

Fig. 8 — Further swelling of endothelial nucleus. The lumen of the vessel is 
now completely obliterated. Rouget cell shows no change, and there is no 
significant alteration in the external diameter of the capillarj-. 

Fig 9 — Dilatation again. One minute after cessation of stimulus. 
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runs across the position of the table. For this reason the central hole 
cannot he punched out first, but has to be cut out with scissors after the 
dissection. The punching of the three holes in the ear to take the 
bolts and the dissection of the skin flaps is done as usual. The cartilage 
is then dissected away over an area of 24 mm. in diameter. This is 
done from the inner side of the ear, the perichondrium carrying the 



Fig. 10. — Diagram of chamljer with optimal optical properties. 

vessels on the outer side being left. A hole to fit the table is then cut 
in this remaining thin layer of tissue, the main artery being retracted 
to one side. The two parts of the chamber are screwed together as 
usual. In the course of some weeks the central table is vascularised 
as in other types of chambers. 

A chamber of this type was used for experiment 83 days after its 
insertion and about 45 days after complete vascularisation. Optically 
the results were very clear. There was no question whatever that in 
many capillaries the endotheUal nucleus appeared to swell and block 
the lumen, but no movement was observed in the Rouget cells after 
stimulation of the peripheral end of the cervical sympathetic nerve. 
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The latent period was short — about 5 to 7 seconds— and the contraction 
after a 5-second stimulus lasted about 15 to 30 seconds. This result 
was repeatedly obtained on many capillaries. A cinema film in colour 
was made, using a 1/16-inch oil-immersion objective with a '12x 
eyepiece. 

A phenomenon not previously described has often been noted in 
venules ; it is usually seen after mild trauma. “Spikes ” appear to form 
on the endothelial surface on Avhich the red corpuscles of the blood- 
stream are caught momentarily, and are thereby grossly deformed. 
We have not been able to determine the nature of these “spikes” as 
they are themselves invisible and are only revealed by the deformation 
of the red cells caught on them (fig. 11). These “spikes” are often very 
numerous ; they do not appear to have any relationship to platelets. 


SUMMAEY. 

(1) From this series of experiments carried out under good optical 
conditions, in one case as good as present lenses allow, we conclude 
that capillary contraction occurs in the rabbit’s ear-chamber, that this 
contraction is under the control of the sympathetic nervous system, and 
that endothelial swelling causes the obliteration of the vessels. No 
positive evidence was obtained of the participation of Rouget cells in 
this contraction. 

(2) “Spikes” on the endothelium of slightly injured veins have been 
noted. Red corpuscles hang on these, often for several seconds. 

The chambers have been made in the laboratory by Jlr. S. W- 
Bush, to whose skill we are greatly indebted. 

Mr. J. Kent has had charge of the animals. 

The drawing is by Mr. H. Axtell. 
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’ Xoto red cells caught on spikes and bent double 
by force of stream. 
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SUGAR, WATER. AND CREATININE EXCRETION IN NORMAL 
AND IN B-AVITAMINOTIG DOGS. By N. Hamar. From 
tke Institute of Physiology of the “Peter Pdzmany” University, 
Budapest. 

{Received for publicatiori 4th June 1940.) 

Experiments have been carried out, and are described in this paper, 
in order to obtain information concerning the glucose-absorbing power 
of the tubular epithelium of the kidney in a state of B-avitaminosis. 

The prevailing supposition is that the glucose-absorbing power of 
the tubular epithelium is decreased in B-avitaininosis. This supposi- 
tion is, however, only inferred from very indirect experimental evidence. 
This is as follows: In B-avitaminosis the body -cells take up glucose 
at a slower rate (for details of literature see Burack and Cowgill [1932]). 
The retardation of glucose absorption by the tissues in B-avitaminosis 
— as observed by following the blood-sugar changes — signifies, of course, 
largely a retardation of the sugar uptake by the liver and muscles. 
It appears, however, that epithelial cells are also affected, since the 
mucous membrane of the intestinal tract also absorbs at a reduced 
rate, as was demonstrated by Westenbrink and Overbeek [1933] on 
the intestines of the rat. As to changes in the functions of the kidney- 
cells in B-avitaminosis, we found no direct evidence in the literature. 
But that these cells are affected by the lack of vitamin Bj has been 
proved by Thompson’s [1934] experiments. The lack of vitamin Bj 
causes a specific damage to the respiration of the kidney-cells. The 
experiments of Jonata [1932] on phlorrhizinised rabbits are noteworthy 
in this connexion: sugar-loading in such rabbits is accompanied by a 
great glycosuria, but this is almost completely inhibited by the 
simultaneous addition of vitamin B. Jonata’s conclusions from these 
experiments were as follows ; The site of action of phlorrhizin is mainly 
in the kidney; if, therefore, vitamin B decreases phlorrhizin glycosuria, 
its action is chiefly due to a re-elevation of the renal threshold. A few 
years later Campanacci and Ferretti [1935] confirmed Jonata’s results, 
and corroborated his hypothesis by shelving that although the blood- 
sugar values remain slightly higher than the normal ones, the glycosuria 
almost disappears. 

In testing the supposition that the absorbing power of the tubular 
epithelium is decreased in B-avitaminosis we have carried out the 
following experiments. 
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autoclaved for 1 hour at 120^ 0. The B-vitamin was extracted from 
casein as follows: The casein was boiled with 0-03 per cent, acetic acid 
for 15 minutes, filtered and washed with tap water. This procedure 
was repeated twice, after which the washed casein was dried in an oven 
at a temperature of 70° C. Autoclaved rice, the B -vitamin-free casein, 
and salt mixture were cooked in water to a thick mush. The oils were 
added after cooling. The animals were not at all averse to the diet. 

Results. 

Out of the 13 B-avitaminotic dogs observed by us, the B-avita- 
minosis manifested itself in the acute spastic form in 3 cases ; in the 
rest the chronic-paralytic form was observed. We cannot offer any 
explanation for this difference. In the acute spastic cases the adminis- 
tration of vitamin Bi (“betaxin”), either intramuscularly or intra- 
venously, caused the symptoms to disappear. Such treatment, however, 
was entirely udthout effect in the clironic-paralytic animals. The 
results published in this paper deal with the chronic-paralytic animals 
only. 

In the first type of experiment five animals were used. While on 
normal diet they were loaded three times. Pour of these five dogs 
showed a development of B-avitaminosis in its chronic -paralytic form. 
Each dog was loaded once in the prodromal, and twice in the fully 
developed stage of B-avitaminosis. In the second type of experiment, 
on five other dogs, loadings on each were made as follows : ten in the 
- normal, seven in the prodromal, and five in the severe stage of 
B-avitaminosis. In each case a period of rest, extending over three 
or four days, intervened before the experiment was repeated. 

In fig. 1 the blood-sugar values are demonstrated. Here we see 
that the blood-sugar level decreases in time, in the first 10 minutes 
rapidly, later slowly. The rates of the disappearance of glucose from 
the blood show no difference in the normal and in the prodromal stage. 
In either case the following fractions of the injected glucose disappear 
in time: 87-3 per cent, during the first 10 minutes, 5-6 per cent, during 
the second 10 minutes, 4-4 per cent, during the third 10 minutes, 
1’8 per cent, during the 30-45 minutes, and 0-8 per cent, during the 
45-60 minutes after sugar-loading. When the B-avitaminosis is well 
developed, a retardation is noticeable in the rate of disappearance of 
glucose from the blood. During the first 10 minutes after sugar- 
loading 82 per cent., during the second 10 minutes 3*5 per cent., during 
the third 10 minutes 3*5 per cent., during the 30-45 minute-period 
3‘8 per cent., and during the 45-60 minute-period 4-7 per cent, of the 
injected glucose disappears. The retardation of the sugar-disappearance 
m the avitaminotic dogs as compared with the normal ones was as 
follows : 6 per cent, during the first 10 minutes, 37 per cent, during the 
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In the first series of experiments on dogs, after a 24-hours’ hunger 
period, 1 g.^ of sugar/kg. body-weight was given to the animals. The 
sugar was injected, in 25 per cent, solution, into the vena saphena. 
At times of 0, 10, 20, 30, 45, 60 minutes from the beginning of the 
experiment blood "was taken from the vein in the ear and its sugar- 
content was determined by the method of Fujita and Iwatake [1931]. 
During the experimental period the urine was collected by means of 
a catheter at intervals of 0-10, 10-20, 20-30, 30-45, 45-60 minutes 
and its glucose content determined polarimetrically. 

In the second series of experiments essentially the same methods 
as above were employed, but simultaneously with the sugar-loadings 
and determinations the creatinine clearance of the dogs was determined 
as follows: In about 4 c.c. distilled water 30-40 mg. of creatinine/kg. 
body-weight was dissolved and this solution was injected subcutaneously. 
About 20-30 minutes later, after the creatinine concentration of the 
blood had reached a well determinable level, glucose was administered 
as already described. The blood was taken from the saphenous vein at 
times of 0, 7, 15, 26, 40, and 60 minutes from the administration of 
glucose, and urine was collected at intervals of 0-10, 10-20, 20-32, 
32-50, and 50-80 minutes. Creatinine and sugar determinations were 
made in the blood as well as in the urine. By thus employing the 
Rehberg [1926] test in combination vdth blood- and urine-sugar 
determinations, we have calculated the rate of production of glomerular 
ultrafiltrate and its glucose content. Such calculations are, naturally, 
based on an assumption which necessarily must be an arbitrary one. 
It is supposed that the sugar and creatinine concentration of the 
glomerular ultrafiltrate is identical with that of the blood-plasma, and 
that creatinine is neither secreted nor reabsorbed in the tubules. The 
sugar concentration of the plasma was calculated from that of the 
blood by taking the hsematocrit value as being 50 per cent. 

Perineotomised female dogs of 8-15 kg. body-weight were used. 
After repeated control sugar-loadings the animals were put on a 
B-vitamin-free diet. The sugar-loadings were performed again in both 
the prodromal (anorexia, loss of weight, depression, inco-ordination, 
muscular weakness) and the fully developed stages of the B-avita- 


™^'^The B-vitamin-free diet consisted of polished, autoclaved rice 
1300 parts). B-vitamin-free casein (60 parts), flax oil, cod-liver oil 
(15 parts of each), and McCoUum salt mixture (12 parts). The rice was 

.... j 4. +n snecifv our expression as regards the ]dnd of B-avitaminosis, 

I We do not wish to speedy ^ ^ 

because _the^^^cjors^ generally regarded as Bj- 

avitaxninotic diets. 



293 


Sugar, Water, and Creatinine Excretion in Dogs 

The difference between the glucose lost from the blood and that 
passed mth the urine is the sugar taken up by the cells or decomposed 
in the blood. In normal dogs and in those in the prodromal stage of 



O-IO f0-20 20-30 50 - 4-5 45-60 

Fig. 2. — Curves for the sugar excreted in the urine during 10-minute period by 
6 normal dogs and by 4 dogs in the prodromal and the fully developed stages of 
B-avitaminosis. Abscissa: time elapsed after sugar-loading in minutes as 
indicated in the figure. Ordinate: amount of glucose in the urine, g./lO kg. 
body-weight. The thin horizontal lines indicate scattering of the values round 
the averages, which are indicated by thick lines. 

B-avitaminosis during the first 10 minutes, out of 8-73 g. glucose 
disappearing from the blood, 0-50 g. was excreted in the urine and 
8-23 g. disappeared into the tissues. In the second period of 10 minutes, 
out of 0-56 g. glucose 0-10 g. was passed with the urine and 0-46 g. 
disappeared into the tissues. During the second 10 minutes the rate 
of the disappearance of glucose from the blood towards the tissues was 
decreased as compared to the first 10 minutes. From the beginning 
of the third 10-minute period the tissues took up 0-41 g. of glucose, 
whereas the glucose excreted in the urine was only 0-02 g. After the 
beginning of the second period of 10 minutes the rate of the sugar 
uptake by the tissues was therefore nearly constant till the blood-sugar 
level reached the renal threshold at the end of the third 10-minute 
period. The data obtained in fully developed B-avitaminosis are as 
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second 10 minutes, and 27 per cent, during the third 10 miautes. 
From the 30th minute onward the rate of disappearance increased, 
hut the excess of glucose at the beginning of this period was so much 



Flo. 1. — ^Blood-sugar curves of 5 normal dogs and of 4 of these during the 
prodromal and fully developed stages of B-avitaminosis. Abscissa: time in 
minutes after the intravenous injection of glucose. Ordinate : amount of glucose 
in the blood, g./lO kg. body-weight (in the calculation the blood-volume was 
taken as 8 per cent, of the body -weight). Solid line: dogs in fully developed 
avitaminosis. Broken line: dogs in the prodromal stage of avitaminosis. 
Dot-dash line : dogs in the normal stage. The vertical lines on the curves connect 
the maximum and minimum values obtained. 


that at the end of the experimental period, in spite of the increase in 
the rate of sugar-disappearance during the second part, the amount 
of glucose in the blood (together with the 2-7 per cent, of injected 
glucose) was more than in the normal animals. 

Fig. 2 shows the amounts of glucose excreted in the urine during 
the experimental period. Most glucose was passed during the first 
10 minutes and later the excretion decreased by degrees. With normal 
dogs and mth those in the prodromal stage of the B-avitaminosis the 
crlvcosuria existed practicaUy in the first 30 minutes only. In the 
fullv developed avitaminosis, glycosuria lasted tfil the end of the ex- 
•ment and the amount of sugar excreted during any given period 
much larger in the avitaminotic dogs than in the normal ones. 


296 


Sugar, Water, and Creatinine Excretion in Dogs 

experiment, at first rapidly and later slowly in close parallelism with 
the blood-sugar values as described in the first series of experiments. 
In the prodromal stage of B -avitaminosis the sugar concentration of the 
filtrate does not deviate from the normal. In the fully developed 
B-avitaminosis, however, the glucose concentration is higher than in 
the normal because of the higher blood-sugar level. 

The behaviour of the total sugar curves is as follows: In normal 
dogs the total amount of glucose secreted in 10 minutes steadily and 
gradually decreases from the start of the experiment till its termination. 



Fig. 4. — The volume of glomerular ultrafiltrates in c.c. during 10-minuto 
periods. Abscissa: time in minutes after sugar-loading. Ordinate: the volume 
of the glomerular ultrafiltrate in c.c. Thin lines: scattering of values round 
the averages, which are indicated by thick lines. A: normal. B: prodromal. 

C: fully developed avitaminosis. 

Whereas the decrease in the amount of sugar excreted in the urine by 
the normal animal is gradual, so that it may be represented by a 
hyperbohc curve, this is not so in the prodromal or fully developed 
stage of B-avitaminosis. In both of these there is a sharp but transient' 
increase in the total amount of the sugar filtered. This increase lasts 
for only 12 minutes and in each case occurs at the same period of the 
time curve, i.e. during the 20-32-minute period. 

This difference between normal and B-avitaminotic dogs is explained 
by the similar behaviour of the volume of glomerular ultrafiltrate in 
the corresponding phase of the time co-ordinate (fig. 4). In normal 
animals the volume of the ultrafiltrate falls as a rule gradually and 
smoothly from the start of the experiment till its end. In the pro- 
dromal and fully developed stages of B-avitaminosis this gradual and 
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follows: During the first 10 minutes, out of 8-2 g. glucose 0-95 g. was 
excreted in the urine and 7-25 g. were taken up by the tissues. The 
absorbing power shows therefore, already in the first 10 minutes, a 
shght decrease as compared with the normal. During the second 
10 minutes the decrease in sugar absorption became more pronounced: 
out of 0-35 g. glucose 0-26 g. was excreted in the urine and only 0-09 g. 
was taken up by the tissues. In the third 10-minute period, out of 
0-35 g. glucose 0-21 g. was returned in the urine and 0'14 g. was the 
share of the tissues. From the results of the periods 30-45 and of 



Fjo. 3. — ^The concentration and the total amount of sugar filtered during 
10-minute intervals in the glomeruli. Abscissa: time in minutes after sugar- 
loading. 1st ordinate: molar concentration of sugar in the glomerular filtrate: 

2nd ordinate: total amount of sugar filtered during 10 minutes in the glomeruli. 
Broken lines: molar concentration of sugar in the glomerular filtrate. Solid 
lines: total amount of sugar (in g.) filtered during 10 minutes. Thin lines: 
scattering of the values round the averages, which are indicated by thick lines. 

A: normal. B: prodromal. C: fully developed avitaminosis. 

45-60 minutes the rate of sugar disappearance/10 minutes may be 
calculated, and the figures thus obtained may be compared with those 
obtained during the preceding periods. The comparison clearly shows 
that during the 30-45-minute period the rate of sugar disappearance 
to the tissues was increased from 0-14 g./lO minutes to 0-21 g./lO minutes. 
During the period of 45-60 minutes the absorbing power of the tissues 
increased further from 0-21 g./lO minutes to 0-27 g./lO minutes. 

In the second series of experiments the changes in the sugar-absorbing 
nower of the tubular epithelium during B-avitaminosis have been 
tudied The sugar-absorbing power of the tubular epithelium at the 
different experimental periods was calculated from the foUoudng values ; 
(11 blood-sugar concentration; (2) rate of glomerular ultrafiltration 
creatinine clearance); (3) amount of glucose excreted in the urine. 

^ V 3 shows the concentration and the total quantities of sugar 
■ the glomeruli. The concentration curves show that the 
filtered m filtrate falls from the commencement of the 
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The quantity of sugar excreted during the different experimental 
periods is sho^vn in fig. 5. A comparison of these results with those 
obtained in the first series of experiments (fig. 2) shows that the shape 
of the curve is the same in both cases. On the other hand, in this second 
type of experiment the quantity of glucose excreted is slightly larger 
in each period. This difference is no doubt due to the fact that in the 
meantime the B -avitaminosis became more severe. 

A more interesting phenomenon is revealed by a comparison of 
figs. 5 and 3. This latter shows the variations in the quantity of 
glucose filtered and of its concentration in the glomerular filtrate during 
the different experimental periods. It is seen from fig. 5 that the 
amount of glucose excreted in the urine does not show an increase 
during the period of 20-32 minutes, as is the case with the amount 
of glucose in the glomerular filtrate, but it decreases steadily and 
smoothly from the beginning to the end, as does the concentration 
of glucose in the glomerular filtrate. This naturally means that during 
the period of 20-32 minutes the tubules absorb more glucose than they 
do during the preceding or following 10 minutes. In normal dogs the 
rate of absorption by the tubules was as follows; 3-10 g. during the 
first 10 minutes, 1-43 g. during the second 10 minutes, and 0-8 g. during 
the period of 20-32 minutes. After this period there was no glycosuria. 
In the prodromal stage of B-avitaminosis the same determinations gave 
values as follows: 2-69 g., 1-33 g., 2-06 g.; in the fully developed 
B-avitaminosis: 2'56 g., 0'93 g., 2*38 g. The rate of absorption by the 
tubules in the latter periods of the experiments on dogs suffering from 
B-avitaminosis was as follows: During the period of 32-50 minutes 1-76 
g./lO minutes, and during the 50-80-minute period 1-67 g./lO minutes. 


Discussion. 

Regarding the mechanism of the glycosuria seen in B-avitaminotic 
dogs as a consequence of the decreased sugar tolerance, the following 
conclusions appear to be warranted. It is certain that in the production 
of the glycosuria the hjqierglycsemia plays an important role. This 
hyperglycemia is due — as is evident from our results — to a decreased 
disappearance of sugar from the blood. From the fact that in 
B-avitaminosis the body-cells take up sugar at a reduced rate, one is 
led to the supposition that the tubular cells of the kidney are not 
excepted from this general rule. If this is true, then it follows that in 
the production of the glycosuria decreased reabsorption of sugar by 
the tubular epithelium from the glomerular ultrafiltrate, as another 
component, also plays a role. A closer scrutiny of the experimental 
results, however, reveals certain interesting circumstances which must 
e analj’sed before the theory of a decreased tubular sugar reabsorption 
can be accepted. 
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even fall is absent. Tbe volumes of the filtrate in the 20-32-minute 
period in comparison with the volumes of the previous 10-minute period 
are increased, and this increase although definite is merely transient. The 
rate of glomerular filtration in the prodromal and B-avitaminotic animals 
has a pulsating character. The great initial filtration rate is replaced 
temporarily during the second 10 minutes bj'- a slow filtration rate, this 
being followed by an increased filtration rate during the third 10 minutes. 



g_ Curves for the sugar excreted in the urine during 10-minute periods 

bv 5 normal dogs and by those in the prodromal and fullj' developed stages of 
avitaminosis. Abscissa: time in minutes after sugar-loading. Ordinate: 
amount of glucose in the urine, g./lO kg. body-weight. Solid lines: dogs in 
fullv developed avitaminosis. Broken lines: dogs in the prodromal stage 
of avitaminosis. Dot-dash lines: dogs in the normal stage. Tliin horizontal 
indicate the maximum and minimmn values obtained; thick horizontal 
lines indicate the averages. 


This conclusion regarding the pulsating character of the glomerular 
filtration in the prodromal stage and in the severely B-avitaminotic 
A ■ based on twelve observations. The pulsating nature was 
dogs IS them. On the other hand, while these same 

C, w™ rrm“ of ton otarrntiono t™co only w.s onch o 
pntoting glomornlot fflttntion fonnd. 
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absorbing efficiency of the entire tubular surface decreases during 
B -avitaminosis, then the decrease of the absorbing power as a funetion 
of the increased sugar concentration in the ultrafiltrate must be greater 
than in the normal kidney. Contrasted with the normal, where the 
efficiency decreased to 88 per cent, from 94 per cent, when the sugar 
concentration of the ultrafiltrate decreased from 0-025 i¥. to 0-017 ilf., 
in the B-avitaminotic kidney under similar conditions a decrease 



Fio. 6. — ^The relationship between the sugar-absorbing efficiency of tubular 
epithelium and molar concentration of sugar in the glomerular ultrafiltrate. 
Abscissa: percentages of sugar absorbed from glomerular ultrafiltrate. Ordinate: 
molar concentration of sugar in the glomerular ultrafiltrate. Crosses: results 
obtained during the first 10 minutes. Circles: during the second 10 minutes. 
Dots: during the 20-32.minute period. Triangles; during the 32-50-minut6 
period of the experiment. A: normal. B: prodromal. C: fully developed 

avitaminosis. 


greater than to 88 per cent, should take place, if there were a fall in 
the efficiency of the tubular epithelium. Consulting part C of fig. 6 
(avitaminotic animals) the following may be seen. When the concen- 
tration in the ultrafiltrate was 0-035 M., the efficiency was 80 per cent. ; 
when the sugar concentration dropped to 0-030 ilf., the efficiency was 
70 per cent. Here, therefore, a very important contrast with the 
normal kidney is seen. In the normal Iddney when the concentration 
in the ultrafiltrate decreases the absorbing efficiency increases ; contrary 
to this, in the B-avitaminotic kidney with the decrease in the concen- 
tration, the efficiency also decreases. Our presumption regarding the 
decreased absorbing efficiency of the whole B-avitaminotic kidney is 
therefore justified. The situation, however, seems to be more com- 
plicated, because in the lower concentration range this decrease in the 
efficiency does not hold good: when the concentration decreases to 
0-025 M . — as may be seen in the figure — there is no further decrease 
in the efficiency; on the contrary, the efficiency is almost as good as 
in the normal at the same molar concentration, viz. 88 per cent. This 






298 


Hamar 


We observed that the B -avitaminotic Iddney excretes more sugar, 
and does so for a longer time than the normal kidney. It has also been 
observed that the concentration of sugar offered to the tubule surface 
for absorption from the glomerular ultrafiltrate is higher in the 
B-amtaminotic kidney than in the normal one. 

This being so, a greater sugar excretion bj"- tbe Iddnej*^ wiU be the 
consequence even if the tubular reabsorption has not decreased. Indeed 
if we compare the absolute amounts of sugar reabsorbed in the B- 
avitaminotic and the normal Iddney respectively, during identical 
periods, we find that the B -avitaminotic kidney takes up more sugar 
than the normal one, e.g. during the 20-32-minute period after loading 
the normal kidney absorbed 0-8 g., the B-avitaminotic one 2-38 g. of 
sugar. At this juncture it must, however, be recalled that during this 
same period different sugar concentrations were offered to the tubules. 
Thus in the normal ultrafiltrate the sugar concentration was 216 mg. 
per cent., whereas in the B-avitaminotic one it was 432 mg. per cent, 
in the 32nd minute of the experiment. 

The circumstance that the absolute amount of sugar absorbed by 
the avitaminotic tubular epithelium is greater than that absorbed by 
the normal appears at first sight to contradict the supposition that the 
glucose-absorbing power of the tubules is decreased in B-avitaminosis. 
This supposition was based on the generalisation that other B-avita- 
minotic body-cells take up sugar at a slower rate. If the efficiency of 
the tubular epithelium in reabsorbing sugar is not decreased, then the 
increase in the sugar excretion by the whole Iddney is entirely due to 
the greater sugar concentration in the glomerular ultrafiltrate, i.e. to 
extrarenal causes. 

To decide this question we must obtain some information as regards 
the sugar-absorbing efficiency of the tubules, and we have first to 
discuss the relationship between the concentration of sugar in the 
ultrafiltrate and the absorbing efficiency of the tubules. 

This may be done by plotting the absorbing power of the tubules 
against different sugar concentrations in the ultrafiltrate. As a 
measure of the absorbing power of the tubules the relationship — sugar 
in the ultrafiltrate : absorbed sugar — may be taken. And this for the 
sake of comparison we shall express as a percentage. The effect of 
sugar concentration on the absorbing efficiency of the tubular epithelium 
may be seen in fig. 6. It is evident from this figure that, in the normal 
kidney as the sugar concentration in the ultrafiltrate decreases the 
absorbing efficiency of the tubular epithelium increases. The relation- 
ship appears to be inverse and hnear. For instance, in fig. 6, A (normal 
animals) while the sugar concentration in the ultrafiltrate was as high 

0-025 M only about 88 per cent, of the sugar present in the ultra- 
filtrate was absorbed; when, however, the concentration decreased to 
0 Ol" M per cent, of the sugar was absorbed. If, therefore, the 
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Summing up this discussion it follows that the decrease in the 
absorbing power of the B -avitaminotic tubules is a consequence not 
of the alteration in filtration rate but of some intrinsic change in 
cellular activity. This conclusion is supported by the fact that the 
decrease in the efficiency of the tubules does not take place in the 
prodromal stage of avitaminosis, although the decrease in ultrafiltration 
rate in the whole kidney is well marked at this stage too. 


SUMMAUY. 

1. In dogs in normal, in the prodromal, as well as in fully developed 
B-avitaminotic stages, the blood and urine sugar concentrations were 
determined after intravenous glucose injection. At the same time the 
rate of glomerular ultrafiltration was determined by the use of the 
creatinine clearance test. 

2. It was found that the sugar content of the blood decreases more 
slowly in the prodromal and fully developed stages of B-avitaminosis. 

3. The rate of ultrafiltration in the whole Iddney of the normal 
animal shows a gradual decrease tending to reach an asymptotic 
minimum at the 50th minute. In both the prodromal and the fully 
developed stages of B-avitaminosis, the rate of glomerular ultrafiltration 
is not gradually decreasing towards an asymptotic minimum, but shows 
great variations. There is a big fall in the rate of ultrafiltration during 
the' 10-20-minute period, and this is followed by an increase. During 
the experimental period there is no asymptotic minimum. 

4. The sugar excretion in the whole kidney in prodromal and in 
fully developed B-avitaminosis is increased as compared with the normal. 

5. The increased sugar excretion is due to two causes : an extrarenal 
and an intrarenal cause. The extrarenal cause is the greater sugar 
concentration in the glomerular ultrafiltrate — due to the slower sugar 
uptake of the body-cells; the intrarenal is a decrease in the efficiency 
of the tubular epithelium to absorb sugar from the ultrafiltrate. 
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is also true in a third concentration range, viz. at a molarity of 0’020. 
The B-aAdtaminotic tubules, then, exhibit the remarkable property 
that, at a certain sugar concentration, their reabsorbing efficiency is 
much less than that of the normal one at about the same concentration. 
This is even more interesting because the efficiency of the B-avita- 
minotic tubules, both at higher and at lower concentrations, approaches 
the normal Iddney rather closely. Therefore, we can safely conclude 
that the increased sugar excretion of the total B-avitaminotic kidney 
is due to a complex cause, composed of an extra- and an intrarenal 
component. The extrarenal component is the higher sugar concentra- 
tion in the glomerular ultrafiltrate, the intrarenal is the decreased 
efficiency of sugar absorption by the tubular epithelium at certain 
concentrations of sugar in the glomerular filtrate. 

The comparison of the rate of glomerular ultrafiltration in the 
Iddney Avith the sugar-absorbing efficiency of the tubules produces an 
interesting question. 

As is seen in fig. 4, the rate of glomerular ultrafiltration in both the 
prodromal and severe stages of aAdtaminosis shows variations. During 
the 10-20-minute period there is a fall AA-hich later is replaced by an 
increase. The decreased efficiency period of the tubules in B-avita- 
minotic dogs corresponds Avith that of decreased rate of glomerular 
ultrafiltration, and the possibility must be discussed whether the de- 
creased absorbing capacity of the tubules is not due to the decreased 
rate of ultrafiltration. The rate of ultrafiltration was determined in 
the Avhole kidney. A fall in this rate may be the consequence either of 
a decrease in the number of active units or of a decrease in the rate 
of filtration in each of the Avorking units. If the number of the working 
units is decreased, the relationship betAveen the tubular cells and the 
ultrafiltrate in their lumina, in the remaining actiAm ones, is not 
changed, and the decreased efficiency of the tubular epithelium must 
be due to an intrinsic change in cellular activity. If the decrease in 
the rate of ultrafiltration is the consequence of the decreased rate of 
filtration in each of the working units, then the question arises as to 
the influence of the velocity of flow of the filtrate in the tubular lumen 
on the rate of tubular absorption. Walker and Hudson [1937] pre- 
sented evidence that in the frog the rate of glucose absorption by the 
tubular epithelium was inversely proportional to the velocity of floAV 
of the ultrafiltrate in the tubular lumen. If it is permissible to apply 
their conclusion to our experiments, we should find an increase in the 
absorbing efficiency of the tubular epithelium, since during the 10-20- 
minute period the rate of ultrafiltration in the AA'hole Iddney was 
, reased- contrary to this, however, a decreased absorbing efficiency 
f T nlace during this period. The observed decrease in efficiency of 
theTubular epithSium must, therefore, be due to some intrinsic change 
in cellular activity. 



CHOLEGYSTOSTOMY FISTULA SUITABLE EOR SMALL 
laboratory ANIMALS. By P. R. Peacock. Prom the 
Research Department, the Glasgow Royal Cancer Hospital. 

(Received Jor publication 10th September 1940.) 

Ik the course of experiments on the metaholism of carcinogenic hydro- 
carbons [Peacock, 1936, and Peacock and Chalmers, 1936], samples 
of bile were collected from fowls, thr-ough simple fistulas made hj' 
inserting a glass canula into the gall-bladder and connecting this with 
the exterior by means of rubber tubing. Such fistulas were unsatis- 
factory for protracted experiments, owing to the small yield of bile 
obtained, and to the frequent supervention of cholecystitis. Opera- 
tions involving drainage of bile into bottles or balloons outside the body 
were not attempted, as such contrivances interfere seriously with the 
freedom of the animals, and may introduce psychogenic disturbances 
of metabolism. 

The following aims were kept in mind in evolving the technique to 
be described: — 

(1) External appliances are undesirable, as they annoy the animal 

and are difficult to keep clean. 

(2) The operation must not interfere seriously with the animal’s 

metabolism. 

(3) The fistula must be sterile. 

Rabbits and fowls have been used in most of our experiments, and, 
as they differ greatly in their habits, the technique had to be modified 
for the two species, though the essential principle remained the same. 


Methods. 

A glass canula is inserted into the gall-bladder, and the bile is 
allowed to drain off, through rubber tubing, into a small rubber balloon 
(25-50 ml. capacity), which is placed either in the peritoneal cavity 
or in a pouch made in the subcutaneous tissues. The operation wound 
is completely closed, and no external dressings are applied. Based 
on this principle, operations have been evolved in this laboratory 
during the past four years, and a description of the technique now 
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silk or cotton. A second stab wound is made tbrougb the skin, at 
least 3 cm. above that through the abdominal wall, and the collecting 
tube is drawn through this. The skin is sutured in the saine manner 
as the abdominal wall, and the end of the tube is marsupialised for ^ 
about 2 cm. with two or three interrupted sutures. The arrangement 
of the balloon and collecting tubes is shown diagrammatically in 
fig. 1. At the end of the operation, bile-stained fluid can generally 



Fig. 1. — 1. Skin. 2. Abdominal muscles and fascia. 3. Liver. 4. Duodenum, 

6. Common bile duct. 6. Canula tied into gall-bladder. 7. Ist collecting tube, 

8. Rubber balloon. 9. Glass plug closing 2nd collecting tube. 

be expressed from the balloon by gentle pressure on the abdomen; 
this procedure also expels any air contained in the balloon. The 
collecting tube is then closed with a glass plug, and the skin is again 
painted with “spirit flavine.” No further dressing is required, and 
the rabbits usually keep the wound and the end of the tube clean by 
frequent licking. Animals so treated make a rapid recovery and 
suffer no loss of appetite. Bile can be collected within a few hours of 
operation, but it is better to leave the animals undisturbed for twent 3 ’'- 
four hours, as, after this time, they show no signs of discomfort. 
Thereafter, bile samples varying from 5 c.c. to 20 c.c. can be obtained 
daily, for about three to four weeks, after which time the yield general^ 
/’ diminishes. Samples are collected by removing the glass plug and 
VOL. XXX., XO. 4.— 1940. 21 
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employed may therefore prove useful to other workers who require 
to collect frequent samples of bile from small laboratory animals. 

The balloons are prepared by cutting off the rolled margin of the 
neck, and fixing into the balloon with rubber solution one or two 
collecting tubes made from bicycle valve tubing. When the solution 
has set firmly, the baUoons are gently inflated through the collecting 
tubes, and tested under water for possible leaks. Leaking balloons 
are discarded. 


Operative Technique. 

Babbits . — ^The hair over the abdomen is clipped with scissors and 
epilated with barium sulphide paste, about one hour before operation. 
As soon as the hair is loose, the skin is w'ashed with soap and water, 
thoroughly rinsed and dried, and painted with a solution of acrifiavine 
in equal parts of methjdated spirit and w'ater, to give a 1/1000 solution. 
Nembutal (75 mg. per kg. bod5f-weight) is injected intramuscularly, 
followed by ether or chloroform, if necessary, to obtain fuU relaxation 
for manipulations of the gall-bladder. The sldn is incised in the 
mid-Hne, from a point just above the xipliisternum, along the line 
of the linea alba for about 6 cm. The skin is rapidly separated from 
the muscles by blunt dissection, and sterile to\vels are clipped to the 
edge of the wound. With fresh scissors, the peritoneum is opened 
along the linea alba and the abdominal \vall is retracted by two clips 
applied to the cut edges ; traction may conveniently be made on these 
chips by small lead w^eights attached to them with fight picture chain 
and allowed to hang over the sides of the operating table. The xiphis- 
ternum is raised by tissue forceps held by an assistant. This gives 
an excellent exposure of the liver, the superficial lobes of which can 
now be raised gently wdth a smooth retractor, to expose the gall- 
bladder, which is often deeply imbedded in the liver substance. The 
tip of the gall-bladder is seized by two pairs of small artery forceps. 
A suture is now passed round the gall-bladder by means of a cleft 
palate needle and a knot is loosely tied just below the tips of the 
forceps, without constricting the gall-bladder. The balloon is intro- 
duced deeply into the abdominal cavity, between the gloved fingers of 
the left hand, care being taken to avoid folding. The canula should 
now be in position, close to the gall-bladder, the tip of which is incised 
with fine-pointed scissors; the canula is slipped into the gall-bladder 
and immediately gripped by tightening the suture pre\dously placed 
• nosition. This suture also closes the distal branches of the cj^stic 
^^tCTV and prevents hsemorrhage. A double knot secures the canula, 
^diich should now contain bile. Any free bile is gently absorbed with 
''"tt wool swabs. A stab wound is made through the left-flank 
and the collecting tube from the balloon is drawn through it. 
Tli^° bdominal wall is closed with continuous blanliet sutures of fine 



Cholecystostomy Kstute Suitable for SmaU Laboratory Animals 305 

sHk or cotton. A second stab Tvound is made througb the skm, at 
least 3 cm. above that through the abdominal wall, and the collecting 
tube is drawn through this. The skin is sutured in the same manner 
as the abdominal wall, and the end of the tube is marsupiahsed for 
about 2 cm. with two or three interrupted sutures. The arra,ngement 
of the balloon and collecting tubes is .shoivn diagrammatically in 
fig. 1. At the end of the operation, bile-stained fluid can generally 



Fig. 1. — 1. Skin. 2. Abdominal muscles and fascia. 3. Liver. 4. Duodenum. 
6. Common bile duct. 6. Canula tied into gall-bladder. 7. 1st collecting tube. 
8. Rubber balloon. 9. Glass plug closing 2nd collecting tube. 


be expressed from the balloon by gentle pressure on the abdomen; 
this procedure also expels any air contained in the balloon. The 
collecting tube is then closed with a glass plug, and the skin is again 
painted with “spirit flavine.” No further dressing is required, and 
the rabbits usually keep the wound and the end of the tube clean by 
frequent licking. Animals so treated make a rapid recovery and 
suffer no loss of appetite. Bile can be collected within a few hours of 
operation, but it is better to leave the animals undisturbed for twenty- 
four hours, as, after this time, they show no signs of discomfort. 
Thereafter, bile samples varying from 6 e.c. to 20 c.c. can be obtained 
daily, for about three to four weeks, after which time the yield generall}’^ 
diminishes. Samples are collected by removing the glass plug and 
VOL. XXX., NO. 4.— 1940. 21 
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allomng the bile to run directly into a test tube ; the process is facilitated 
by pressing gently on the abdomen. This method of collecting is 
preferable to aspiration with a syringe, which maj^ cause sudden 
collapse of the gall-bladder on to the canula, followed by traumatic 
cholecystitis. 

As this operation does not interfere with the common bile duct, 
the animal obtains sufficient bile to maintain it in good health in- 
definitely. The intraperitoneal balloons are tolerated remarkably 



2 

Fig. 2. — ^Nos. 1 to 8, as for fig. 1. 


■well and we have rabbits in excellent health more than a year after 
oneration, though the fistulm have been allowed to close. Occasionally 
fistulm remain open for several months, but, in most of our experiments, 
bile has been collected daily for about one month, and thereafter at less 


frequent intervals. . , , , . , 

Eecently, a completely closed operation has been used, -with success 
/fi 2) In this operation a toy balloon with numerous constrictions 
1 been inserted into the peritoneal cavity, as described above, but, 
• 1 e of a collecting tube, the terminal part of the balloon has been 

in p ac ^ wound in the rectus abdominis into the sub- 

Saneous tissues and the skin completely closed. Bile is collected by 
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aspirating the contents of the terminal part of the balloon through 
the skin. This can be performed daily for many "weeks without leakage 
of bile into the subcutaneous tissues, provided that small sharp needles 
(Nos. 14-18 hypodermic) are used. 

Both these operations are satisfactory for rabbits, but the totally 
enclosed operation can more easily be kept sterile and is now used for 
preference in this laboratory. 

Fowls . — On anatomical grounds, a somewhat different approach is 
necessary in the case of fowls. When the first operation is used, fowls 
peck at the collecting tube and tend to remove the glass plug. Tor 
this reason, a completely enclosed operation has been found more 
satisfactory for these birds. 

The feathers are plucked over the right side of the sternum and 
abdomen, and the skin is swabbed freely with “spirit flavine.” The 
best anaesthetic for fowls was found to be chloroform, given by blowing 
air through a modified Junker’s apparatus. The skin incision is made 
along the lateral margin of the internal ■xiphisternal process, and is 
prolonged slightly towards the tip of the sternum. Blunt-pointed 
scissors are passed upwards through this incision in the subcutaneous 
tissues over the surface of the pectoral muscle to the level of the sternal 
notch, where a second small incision is made through the skin. The 
scissors are now opened widely and withdrawn in this position, leaving 
a space in the subcutaneous tissues for the reception of the collecting 
balloon. A small pair of pressure forceps is passed from the upper to 
the lower skin wound, through this space, and the balloon is grasped, 
drawn up into position, and secured by a suture passed through a small 
rubber tag fixed to its tip, and through the superficial pectoral muscle, 
as shown in fig. 3. The upper wound is closed, and sterile towels are 
chpped to the edges of the lower wound. The abdominal muscles are 
separated by blunt dissection and retracted to expose the peritoneum. 
The internal xiphisternal process and the attached muscles are grasped 
with tissue forceps, which are held vertically by an assistant. The 
peritoneum is incised, and the gall-bladder can usually be seen, though 
it is sometimes overlapped by the liver. A stab wound is now made 
through the abdominal muscles, a little below the centre of the wound, 
and the canula and collecting tube are passed through this into the 
peritoneal cavity. The canula is inserted into the gall-bladder, in the 
same manner described for the operation on rabbits. The abdominal 
wall and the skin are then closed with continuous blanket sutures, 
and the sldn is again swabbed with “spirit flavine.” This operation 
should be practically bloodless, as the subcutaneous vessels in the fowl 
can be seen through the skin, and avoided. The subcutaneous balloons 
are well tolerated, and may remain in position for a year or more, 
t lough, occasionally, pressure atrophy of the skin occurs, and the 
w lole balloon may be pulled out by the bird. BOe is collected by 
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aspirating the contents of the balloon through the skin, using a hypo- 
dermic syringe and a No. 14 needle. Daily puncture of the balloon 



Fig. 3. — ^Nos. 1 to 8, as for fig. 1. No. 9. Tag attached to balloon and 
sutured to muscle. 

may he made in this way for several months without leakage of bile 
occurring into the subcutaneous tissues. 

Results. 

Most of our animals received intravenous injections of benzpyrene 
colloid at frequent intervals, and cannot therefore be considered as 
normal. Nevertheless, the bile yields were comparable in volume and 
specific gravity vnth those from untreated control animals. Tables I. 
and II give the relevant data for a typical normal fowl and rabbit. 

Variability in yield is probably due to the fact that the common 
bile duct was not tied, and the volume of the bile collected does not 
therefore give a measure of the total bile excreted. Body-weight is 
ot recorded in every case, but the health of the animals was excellent, 
and where weights were recorded they remained steady, or increased, 
during the period of observation. 
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The specific gravity and total sobd, and ash estimations were 
performed by Mr. A. H. M. Kirby in this Department, The specific 
gravity of different bile samples has varied between 1003-1010 for 
rabbits, and between 1003-1009 for fowls. 

Discussion. 

In our experiments the type of enclosed collecting system has 
only been applied to rabbits and fowls, but there seems no reason why 
this type of operation should not be used in other laboratory animals, 
particularly where intubation of the bile ducts is not practicable owing 
to their small size. 

The advantage of this type of operation, in our experience, has been 
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the total absence of dressings or external appliances, and the excellent 
health of the animals. All animals are very intolerant of dressings, 
and it may be questioned whether the secretions of animals confined 
in such a way that they cannot, interfere wth dressings can be regarded 
as normal. 
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SUMMAKY. 

Operations are described for the collection of daily samples of bile 
from rabbits and fowls : 

In the operation for rabbits, a collecting balloon is connected 
' with the gall-bladder by means of a canula and rubber tubing, 
all of which are placed in the peritoneal cavity. A second 
collecting tube leads from the balloon to the surface, through 
a stab wound (fig. 1)- 

Altematively, a collecting balloon of special shape is placed 
partly in the peritoneal cavity and partly in the subcutaneous 
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tissues; bile is collected by aspirating the contents of the 
subcutaneous part of the balloon through the skin (fig. 2). 

(2) In the case of fowls, the collecting balloon is placed in the sub- 
cutaneous tissues, and is connected with the gall-bladder 
by means of a single rubber tube and canula. Bile is col- 
lected by aspirating the contents of the baUoon through the 
skin (fig. 3). 

Rabbits and fowls both yield bile samples of about 5 ml. to 15 ml. 
daily, for about four weeks after this operation, and remain in good 
health for periods of a year and more. 
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ON THE SURVIVAL OE THE TRANSFUSED ERYTHROCYTES 
OF STORED BLOOD. By Patrick L. Mollison and 
I. Maureen Young. From the S.W. London Blood Supply 
Depot. 

{Received for publication 30ih September 1940.) 

The opinion that the erythrocytes of stored blood do not survive long 
after transfusion has been expressed by many authors; thus Riddell 
[1939] considers that because of the increased fragility of the cells of 
blood that has been stored for more than four days, “it is very doubtful 
whether it would exert any prolonged therapeutic effect.” Marriott 
and Kekwick [1940] sum up available evidence as follows: “Red cells 
of blood conserved for more than a week by present methods do not 
last long in the recipient.” Again, Edwards an.d Davie [1940] state; 
“Aged erythrocytes and those in which the fragility has been increased 
have only a short effective span of life and can therefore have little 
lasting value.” 

These statements are, perhaps, rather surprising, since in 1916 
Peyton, Rous, and Turner [1916], from their experiments on rabbits, 
concluded that cells stored up to two weeks function normally after 
transfusion. This conclusion was reached after studying blood counts 
and estimating the excretion of hemoglobin and bile pigments, etc. 

In March of this year we had the opportunity of examining some 
results obtained by Dr. J. 0. Oliver, then Director of this Depot, and 
Dr. G. L. Taylor of the Galton Laboratory Serum Unit. They followed 
seven cases by the direct differential method (referred to below), 
using M and N agglutinating sera. They were able to show that trans- 
fused erythrocytes of stored blood survived for some weeks after 
transfusion. In one patient, for instance, who received 11-day-old 
blood the donor cells could be identified by direct agglutination after 
51 days. 

The object of this investigation has been to extend these observa- 
tions further and in greater detail and to apply to the problem a method 
capable of giving quantitative results. Methods of following quanti- 
tatively the fate of transfused erythrocytes are all based upon the 
method described by Ashby [1919 a]. This, in brief, consists of the 
transfusion of cells of Group 0 to a recipient of Group A. After 
transfusion the recipient’s blood contains two types of cells, 0 and A. 
The A cells can be “removed” with alpha serum and the free (0) cells 

31S 
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counted. Actually a small fraction of the A cells are not agglutinated, 
and constitute a blank value to be deducted from the total of free cells. 

Wiener [1934] has adopted the method using the sub-groups M and 
N. For example, if cells of Group M are transfused to a recipient of 
Group N, the N cells can be agglutinated and the free (M) cells of the 
donor counted. Considerable criticism has been levelled both at the 
general validity of these methods and also at the reliability of the 
technique, Isaacs [1 924] suggested that following transfusion a number 
of immature cells would be thrown into the circulation, and being, 
as he thought, inagglutinable, would simulate donor cells. Ashby 
[1924], however, showed that the extent of the rise in the inagglutinable 
count depended upon the quantity of blood transfused and upon the 
patient’s body-weight. Furthermore, this rise did not occur when a 
patient of Group A received a transfusion of Group A blood but only 
when Group 0 blood was transfused. 

In addition, if blood of Group M is transfused to a patient of Group N 
a further refutation of Isaacs’ theory may be made. Before the trans- 
fusion, agglutination with anti-N serum will leave free only a small 
fraction of the patient’s cells — the blank “inagglutinable count.” 
Follovdng the transfusion a greatly increased number of free cells will 
be found. If now a sample of the recipient’s blood is agglutinated 
with anti-M serum in addition, it will be found that this excess is 
“removed” and only a small fraction of free cells, equivalent to the 
initial blank figure, is left. We have performed this experiment several 
times and always ulth the same results. 

The reliability of the technique has been carefully considered by 
Jervell [1924], who reached the conclusion that the method of Ashby 
could yield important quantitative results. He considered that the 
error of the method was plus or minus 10 per cent., but was careful to 
point out that the potency of the sera used and the effects of tempera- 
ture, concentration, etc., are of great importance. A convincing 
demonstration of the quantitative nature of the results may be made 
by performing agglutination of the same cells with two different sera 
(viz. of the ABO and MN systems). A description of such an experi- 
ment is given in the Appendix, 

The object of the work here described has been primarily to perform 
quantitative estimations of the numbers of donor erythrocytes surviving 
at various periods after the transfusion of stored blood. In addition 
an attempt has been made to support the contention that the figures 
have a quantitative significance. 

The Blood used fob Tkanspusion. 

In every case blood was taken from supposedly healthy donors 
into a diluent consisting of 1-05 percent, sodium citrate in 0-85 per cent. 
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saline. 360 o.c. of blood were taken into 180 c.c. of this diluent. 
Sufficient glucose was added to the citrate saline mixture after auto- 
claving to provide a final concentration of 1 per cent, in the blood 
mixture. 

Since many transfusions were of the O to A type, a suspension of 
cells only was used to avoid the possible transfusion of a large buUr of 
high titre agglutinins. This can be very conveniently accomplished since 
stored blood sediments quite rapidly and the supernatant plasma may 
be removed. In most cases the cells were resuspended in IT per cent, 
saline with 1 per cent, glucose as this solution produces minimal 
hsemolysis [MacQuaide and Mollison, 1940]. In a few cases the cells 
were given in a minimal quantity of plasma. Different quantities of 
tliis cell suspension were given to different patients, but usually the 
equivalent of two bottles of stored blood (i.e. 720 c.c. of whole blood) 
was given. The blood was stored at 4° C. for various periods (1-29 
days) before transfusion. The blood was usually given at approximately 
3-10 c.c. per minute. 

Clinical Material. 

The majority of the patients transfused were suffering from ansemia 
cormected with pregnancy or parturition. A certain number were 
delivered whilst they were still under observation, and an indication 
of this is given in the figures. 


Methods. 

The experiments can be divided into three groups; 

1. Simple 0 to A or M to N transfusions. 

The results of these experiments have been combined in figs. 1 and 2. 

2. A combination of the above two methods in the same patient. Tor 
example, patient A. C. belonged to Group BN, and was transfused with blood of 
Group OM. The donor erythrocytes could be counted after agglutination of the 
recipient’s cells either with beta serum or with anti-N serum, neither of these 
sera agglutinating the donor erythrocytes. The parallelism between the two 
sets of figures is striking. We consider that the three cases followed in this 
way afford strong evidence of the quantitative validity of our other results. 
Martinet [1938] used a similar method as a check upon his experiments, using 
the M and N sub-groups. However, his experiments were only qualitative. 

As mentioned above, we also applied this method to our in vitro experiments, 
and an example is given in the Appendix. 

3. The measurement of the survival of two different transfusions in the 
same patient; 

(а) Transfusions of two different “ages” of blood. 

(б) Transfusions of blood stored in two different ways. 

These experiments are in the nature of controls. 

The simplest method illustrated by the patient E. {see fig. 4) is to give a 
second transfusion at a sufficient interval after the first and when all the cells 
ot the first transfusion have been destroyed. 
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Tliis method involves observing a patient for many months, and the patient’s 
ability to deal with the transfused cells may have altered in the meantime. 
To avoid these difficulties, if the recipient is of Group AB two transfusions 
may be given simultaneously and followed separately. This can be most 
simply done by giving one transfusion of Group A and one of Group B. It 
may also be done by giving some blood of Group 0 and some of Group A; 
thus, in the patient D. S., a transfusion of 4-day-old blood of Group 0 was 
followed by a transfusion of 21.day-old Group A. After these two trans- 
fusions agglutination with beta serum left free the cells (A plus 0) of both 
transfusions. With alpha serum only the 0 cells of the first transfusion was 
left free. By simple arithmetic the number of A cells surviving could be 
counted. 

Since persons of Group AB do not amount to more than 3-2 per cent, of the 
London poptilation [Wiener, 1939], a more generally applicable method is the 
use of the M and hi sub-groups in addition. Thus, if a patient of Group AM 
is transfused (i) with OM blood, and (ii) witli AN blood, agglutination with 
alpha serum will leave free the OM cells of transfusion (1), and agglutination 
with anti-M sera will leave free the AN cells of transfusion (2).^ The two 
transfusions can be given immediately one after the other (a little saline being 
washed through the apparatus in between). 

Although we have performed all our experiments quantitatively, 
we have in some cases used the method of “Direct differentiation” 
[Dekkers, 1939] to determine the “end-point.” This method consists 
in the identification of the donor cells by direct agglutination, using 
the M and N sub-groups. Thus, when the number of inagglutinable 
cells falls to a figure wdiich is but little higher than the original blank 
value, a decision as to wffiether or no donor cells are still surviving can 
be made by testing for the presence of the foreign agglutinogen. Such 
a combination of methods was first suggested (but not applied) by 
Martinet [1938]. 

As an example, an asterisk has been inserted in fig. 6. At this 
point, 84 days after the transfusion only 45,000 cells (per bottle) could 
be attributed to the donor by the quantitative method, and one cannot 
be certain that this number exceeds the possible variations in inagglutin- 
able count. A test for the agglutinogen M was therefore made, the 
recipient and the donor of the second transfusion both belonging to 
Group N. The finding of small agglutinates showed that the cells of 
the first transfusion were still surviving. 


Technique. 

Since we did not adhere to the details of the technique originally 
described by Ashby, we feel that it is necessary to give our reasons for 

the changes which we adopted. j . , 

Briefly Ashby’s techmque consists in tahing blood into a leucocyte 

ce the completion of this work, we have learned that Wiener end Peters 
1 a identical method to compare the survival of two transfusions in 
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pipette and then drawing up agglutinating serum so that a final con- 
centration of hlood/serum of 1/22 is obtained. The mixture is expeUed 
into a tube and incubated (with shaking at intervals) for 40 minutes. 
The tube is placed in an ice-box overnight and then counts of the free 
cells in the fluid are performed. 

Our criticisms of this technique fall under four headings: 

(1) The concentration used. A concentration of 1/22 makes blood- 

counting very diificult when more than 600,000 cells per 
eu. mm. are present. Furthermore, Rouleaux formation is 
definitely commoner at this concentration and further interferes 
with counting. 

(2) The temperature suggested for incubation is 37“ C. This is 

difficult to understand, since it is weU known that warming 
hinders agglutination. Jerveil, too, was puzzled by Ashby’s 
choice of temperature, and actually performed his agglutina- 
tions in a refrigerator. This, however, is open to the dis- 
advantage that it provides an opportunity for the action of 
cold agglutinins (as noted later by Ashby, 1919 6). We 
therefore performed our experiments at room temperature. 

(3) Forty minutes does not seem to be an adequate time for agglutina- 

tion. Taylor [1938] suggests that two hours is the optimum. 

(4) It is well known that flat-bottomed vessels favour agglutination, 

and therefore the tubes recommended by Ashby were replaced 
by small bottles of such a size that the amount of fluid {0>2 c.c.) 
formed a thin film upon their floor. 

With these considerations in view we adopted the following tech- 
nique : 20 cu, mm. of the blood to be tested was taken from the patient 
in a hsemoglobin pipette and blown into 1 c.c. of citrate saline. From 
this suspension (1/50) OT c.c. was taken and mixed with 0-1 c.c. of the 
appropriate serum in a small flat-bottomed bottle (as used for performing 
a red cell count). (0-1 c.c. only was used simply because large quantities 
of reliable anti-M and N sera are not available.) 

The mixture was left for 2 hours at room temperature with brief 
shaking at half-time. At the end of 2 hours the bottle was shaken 
vigorously and a drop of the fluid withdrawn and placed in a Burker- 
counting chamber. This chamber was chosen because of the large 
area of the ruling. This enabled a selection of columns to be made, 
when large agglutinates obscured part of the field. 

All the experiments were performed in duplicate, and counts in 
every case were made by both of us simultaneously. 

To determine what constitutes an “agglutinate” is not easy, parti- 
cularly when pairs are seen. We found it helpful to examine control 
experiments in which no agglutinating serum was present. This enabled 
the pairs which were stuck together to be distinguished from those that 
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_ This method involves observing a patient for many months, and the patient's 
ability to deal with the transfused cells may have altered in the meantime. 
To avoid these difficulties, if the recipient is of Group AB two transfusions 
may be given simultaneously and followed separately. This can be most 
simply done by gmng one transfusion of Group A and one of Group B. It 
may also be done by giving some blood of Group 0 and some of Group A; 
thus, in the patient D. S., a transfusion of 4-day-old blood of Group 0 was 
followed by a transfusion of 21-day-old Group A. After these two trans- 
fusions agglutination with beta serum left free the cells (A plus 0) of both 
transfusions. With alpha serum only the 0 cells of the first transfusion was 
left free. By simple arithmetic the number of A cells surviving could be 
counted. 

Since persons of Group AB do not amount to more than 3'2 per cent, of the 
London population (Wiener, 1939], a more generally applicable method is the 
use of the M and N sub-groups in addition. Thus, if a patient of Group AM 
is transfused (i) with OM blood, and (ii) with AN blood, agglutination with 
alpha serum wUl leave free the OM cells of transfusion (1), and agglutination 
with anti-M sera will leave free the AN cells of transfusion (2).^ The two 
transfusions can be given immediately one after the other (a little saline being 
washed through the apparatus in between). 

Although we have performed all our experiments quantitatively, 
we have in some cases used the method of “Direct differentiation” 
[Dekkers, 1939] to determine the “end-point.” This method consists 
in the identification of the donor cells by direct agglutination, using 
the M and N sub-groups. Thus, when the number of inagglutinable 
cells falls to a figure W'hich is but little higher than the original blank 
value, a decision as to whether or no donor cells are stUl surviving can 
be made by testing for the presence of the foreign agglutinogen. Such 
a combination of methods was first suggested (but not applied) by 
Martinet [1938]. 

As an example, an asterisk has been inserted in fig. 6. At this 
point, 84 days after the transfusion only 45,000 cells (per bottle) could 
be attributed to the donor by the quantitative method, and one cannot 
be certain that this number exceeds the possible variations in inagglutin- 
able count. A test for the agglutinogen M was therefore made, the 
recipient and the donor of the second transfusion both belonging to 
Group N. The finding of small agglutinates showed that the cells of 
the first transfusion were still surviving. 


Tkchniqtje. 

Since we did not adhere to the details of the technique originally 
described by Ashby, we feel that it is necessary to give our reasons for 

the changes which we adopted. . 

Briefly, Ashby’s techmque consists m taking blood into a leucocyte 

ci-nre the completion of this work, we have learned that Wiener and Peters 
this identical method to compare the survival of two transfusions in 
Kme patient, though for a diSerent purpose. 
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follow, this net total was then divided by the number of bottles of 

stored blood given to the patient. 

The initial figure after transfusion depends upon many factors : 

(1) The donor’s red cell count and the volume of blood transfused. 

(2) The recipient’s blood-volume. 

(3) The amount of destruction of donor cells that has already 

occurred before the sample is taken. 

The first factor was partially standardised, as mentioned above, 
by dividing the number of surviving cells by the number of bottles of 
blood given. 

We hoped to minimise blood-volume changes by using concentrated 
suspensions of red cells. Although the commencing destruction of 



Fio. 1. — Survival of single transfusions of stored blood. The figures at the 
end of the curves indicate the length of storage in days. The initial figure depends 
upon many factors (discussed in the text), but after taking these into account, 
the slope is the important index of survival. 

An arrow indicates that at this point the patient was delivered of a child. 

effete red cells introduces a certain error, yet if the first sample is 
obtained within three to four hours of the mid-point of the transfusion, 
the expected number (approximately) is found except with blood more 
than three weeks old. (Example below.) 

Prom fig. 1 it will be seen that, on the whole, the figures fall upon an 
even slope, and further that this slope is much the same with all the 
blood stored for less than 18 days. However, with the older blood the 
destruction is more rapid. 

In two cases in which blood of 20 and 29 days old respectively was 
given, different samples were taken within the 6 hours following trans- 
fusion, and it was found that that period is a time of rapid destruction. 
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are agglutinated. Discoloration of cells is always held to indicate 
agglutination. When the difference in parallel experiments was greater 
than expected the counts were repeated, and the pair showing the 
best agreement were selected. When any gross discrepancy was found 
agglutination was performed again. 

Gorl [1926] has objected that shaldng may increase the number of 
free cells considerably. Tliis is not supported by a theoretical con- 
sideration of the subject, for the attractive force between agglutinated 
cells is very great, bloreover, we have found that moderate shaldng 
for fifteen seconds or less does not significantly raise the number of free 
cells. Furthermore, we have frequently found very few inagglutinable 
cells after vigorous shaking. Jervell advises shaking for one minute, and 
found no significant rise even after two minutes’ shaldng. 

The titre of the serum was found to be of the greatest importance 
in securing consistent results. We were fortunate in obtaining sera of 
very great potency from Dr. G. L. Taylor of the Galton Laboratory 
Serum Unit. The alpha serum used throughout had, for example, a 
titre of 1/256, and the beta of 1/512. 

We have found that cells of the Sub-group Aj are difficult to 
agglutinate completely with ordinary grouping sera. Even with sera 
of high titre the “inagglutinable count” of cells is usually higher 
than that of Group Aj. Therefore Ao cells provide a useful control 
in the selection of a suitable alpha serum. An alpha serum that will 
give an inagglutinable count of less than 60,000 cells per cu. mm. with 
Group Aj blood maj’’ be considered satisfactory. Higher figures 
previously recorded for the blank “inagglutinable count” are mainly, 
we suggest, due to working with sera of insufficient potency. 

The M and N agglutinating sera are not, on the whole, so rehable 
as those of the ABO system — presumably because thej' are “absorbed” 
sera. Thus some samples prove to be of insufficient potency to produce 
complete agglutination and others give non-specific reactions. The 
latter can usually be avoided by dilution with an equal volume of 
saline and we adopted this precaution throughout and also worked 
with controls. Some patients w'ere followed with three different sera, 
but eventually we worked only with one reliable anti-M and one anti-N, 
and the experiments in section (3) show the good quantitative agree- 
ment with the results obtained vith alpha and beta sera. 

Results. 

We have expressed our results graphically, plotting the number of 
11s surviving against the time since the transfusion. In every case 
^r.vmed asalutination on a sample of the patient’s blood before 
we pe subtracted this “blank” value obtained from the 

trans usio , found after transfusion. In the figures which 

number oi nee 
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Fig. 3 — Survival of two single transfusions given to different patients. Tlie 
continuous lines show the figures found when agglutination was performed with 
sera of the ABO system; dotted Imes indicate those found with the MN sera. 
Note the good agreement. (Patient A. C. was a child.) 



Fig. 4 . — Survival of two transfusions given consecutively to the same patient. 
Note that the survival of the 18 day-old blood is very short, and the survival 
mth 2 day-old blood is definitely less than expected. 

The patient was suffering from an undiagnosed variety of reticulosis. 


splenomegaly, and was jaundiced before the transfusion. Since in this 
case the destruction seems to have been more rapid than in the others, 
it may certainly be rash to draw conclusions about the hfe of transfused 
VOL XXX , NO 4 — 1940 22 
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The fact that the transfusion of stored blood is followed by an immediate 
rise in bilirubin agrees well with these observations. For instance, 
in the patient who received 20-day-old blood (see fig. 1), 3 hours 
after the transfusion 594,000 cells per cu. mm. attributable to the donor 
were found and the bilirubin had already risen from 0-8 to 3'0 mg. 
per cent. Six hours after the transfusion only 274,000 cells per cu. 
mm. remained, and the bilirubin had risen to 4-5 mg. per cent. Six 
daj’^s later, however, there were still 250,000 donor cells per cu. mm. 
It should be pointed out that this is a considerably greater initial 
destruction than occurred in the majority of the cases. 



Pjq, 2. As fig. 1, but recipients all children. Note greater rise per bottle of 

stored blood. 

Weight of children: A., 3 stone; B., 3-5 stone; C., 4-0 stone; D., 4-5 stone. 

The total life of the transfused erjrthrocytes of blood stored for less 
than 18 days appears to be at least 70 to 90 days. 

Fig. 2 shows that much greater rises in the number of donor cells 
cu. mm. are produced by equivalent amounts of blood when given 
to children. Furthermore, the rise produced is approximately inversely 
oportional to the body-weight. The life in two of these four cases 
^ PTTi <5 to be a little shorter, viz. practically all donor cells have dis- 
appeared at 60 days. u f 1 f 

2 shows the good agreement between the results of agglutina- 

t' n of recipient cells with two different sera. Fig. 4 shows the survival 
d after two transfusions of blood of different ages. Although the 
iTdav-old blood was all destroyed in 15 days, it will be seen that the 
vf f the 2 -day-old blood was only about 75 days, that is to say, 
g °t 1 shorter than normal. This patient had . in fact hepato- 
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each case. It will be seen that not only is there little difference between 
the survival of the different ages of blood, but that the curves sugges 




3?io. 8. 

Figs. 5-8. — In each case the figure illustrates the survival of two different 
transfusions given simultaneously to the same patient. Storage for 16 days 
appears to have remarkably little effect upon subsequent smrvival. 

In fig. 6 the asterisk indicates that a direct test for the donor agglutinogen 
was positive at this point. 


that the life is practically as long as that of fresh blood until blood of 
over IG days old is used (see fig. 8). 
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differences in the technique of taking blood and in the patients’ treat- 
ment of the transfused cells. It seems more probable, however, that 
they are to be accounted for by the rather rough quantitative method 
employed. 

The greatly inferior survival of the cells of blood stored -with 
citrate compared with that of the cells of blood stored with glucose 
in addition might have been anticipated from a study of the results 
of in vitro experiments on stored blood. Rous and Turner [1016] 
first showed the value of glucose as a preservative for red cells, and 
numerous investigators have confirmed their results in recent years. 

Discrepancies in the life of stored blood will probably be reported 
until the optimal preser-ving solution and the optimal dilution for the 
storage of blood are agreed upon. 

Summary. 

Twenty patients have received 26 transfusions of stored blood, and 
the fate of the erythrocytes of the donor followed quantitatively by 
differential agglutination. 

A method of performing control agglutinations using the sera both 
of the ABO and SIN systems is suggested. 

A further application of differential agglutination is outlined. Its 
purpose is the following of the fate of two transfusions given simul- 
taneously. This method has been used for (1) comparison of methods 
of storage; (2) to obtain a comparison of the survival of two different 
“ages” of blood in the same patient. 


CoNcnusiOKs. 

1. A high proportion of the erythrocytes of blood stored in citrate- 
saline-glucose survive transfusion. Furthermore, the total time of 
survival is little inferior to that of fresh blood. 

2. These observations suggest that the present method of storage 
is good and that little more than the normal ageing process occurs at 
least in blood stored for 18 days or less. 

In connection with Ashby’s work on the sur-vival of the transfused 
erythrocytes of fresh blood, P. E. Weil [1940] has remarked; “Ce 
n est done pas aux depens de I’hsemoglobine des globules detruits que 
lorganisme trouve le possibility de former des nouveaux globules, 
mais ce sont bien les globules transfuses eux-meme qui continuent leur 
"vie et leurs fonctions physiologiques.” 

These words might be used as a refutation of the remarks quoted 
at the beginning of this paper. 
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The importance of the method of storage is emphasised in fig. 9, 
which shows a comparison between the survival of blood stored vlth 
dextrose and blood stored with dextrin. A transfusion of each variety 
of blood was given to the same patient and followed by the method 
we have outlined in section (3) (above). It Avill be seen that the survival 
of the blood stored with dextrin is definitely inferior to that of the 
blood stored with dextrose. 



Fio. 9. — ^The continuous lines mark the survival of two transfusions of blood 
preserved with dextrin and given to different patients. 

Patient A. also received simultaneously a transfusion of blood stored for the 
same length of time, but in dextrose. The survival of this transfusion is indicated 
by a dotted line. It is clear that, firstly, the surmval of the cells preserved in 
dextrin is less than that of the cases of blood of equivalent age stored in dextrose, 
and secondly, that in the direct comparison blood stored with dextrose has an 
obviously greater survival. 


It is interesting to compare these results with those obtained by 
Wiener and Schaefer [1939, 1940]. These workers gave transfusions 
of stored blood to 28 patients and followed the survival of the donor 
cells by a rough quantitative method. The blood was kept with 
sodium citrate only. 

The survival was found throughout to be much shorter than in this 
rork For instance, two patients received 13-day-old blood. The 
time for total disappearance of donor cells was found to be 56 days 
• one and 42 days in the other recipient. The authors suggest that 
lack day of storage reduces the survival by about 6 days. 

The results, although showing a general inverse correlation between 
th of storage and subsequent length of survival, are very variable 
■ e little information about the intermediate “curve of destruc- 
»^^Xhe authors suggest that the variations are accounted for by 
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This figure may be compared mtli one given by Ponder [1934] (for ordinary 
blood-counting). According to this author, when 500 cells only are counted, 
two counts must differ by more than 12 per cent, before the difference can be 
considered significant. 

As only 500 cells were counted on each occasion in this experiment it -will 
be seen that the error is of the same order as that of ordinary blood-counting. 

We wish to thank Dr. J. 0. Oliver, former Director of this Depot, 
and Dr. 0. M. Solandt, his successor, for advice and criticism, and 
also Dr. M. Maizels, who provided the impetus for this work and who 
was generous enough to allow us access to his results at all stages. 

We should also like to thank Dr. G. L. Taylor of the Galton Labora- 
tory Serum Unit for providing M and N agglutinating sera, rvithout 
which this section of the work could not have been done. 
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APPENDIX. 

Jn viTSO ExPEHniENT TO Detersiute Acctteaoy of Counting Ceij:.s of 

Grout “ON” in the Presence of Cells of Grout “BM” after 
Agglutination with (1) Beta Serum, (2) Anti-M Serum. 

Description . — A suspension of “ON” cells was prepared and two dilutions 
of it were made. To eacli dilution was added an equal volume of a more 
concentrated suspension (1/50) of “BM” cells. 0-1 c.c. of this solution was 
mixed (1) with 0-1 c.c. of beta serum, and (2) nuth 0-1 c.c. of anti-M serum, in 
small bottles (see description of method in text). After two hours, counts 
of the free cells were made. In all, 31 counts were performed. 

By counting the suspension before mixing, the expected number of free 
cells could be calculated. 



Found. 

Expected. 

With beta serum. 

With anti-M serum. 

1,134,000 

1,195,000 

1,195,000 


1,200,000 

1,227,000 


1,189,000 

1.179.000 

1.138.000 


1,218,000 


1,189,000 

1,139,000 


1,188,000 

1,198,000 


1.189.000 

1.248.000 

1,196,000 

577,000 

658,300 

550,800 


565,800 

554,100 


576,700 

545,000 


547,400 

573,300 


554,200 

642,700 


585,000 

556,000 


575,000 

557,500 


570,000 

551,700 


By agglutinating with BM ceDs only, blank values were obtained, viz. 
(1) mth beta serum 20,000 cells per cu. mm. (av.), (2) with anti-M serum 
99 non cells per cu. mm. (av.). These figures have been added to the number 

SK cells to be expected. 

It wUl be noticed, firstly, that agglutination with beta and anti-M sera ' 
. closely similar results. Secondly, it will be seen that the “scatter” of 
the figures is small, but that in the first dilution all the figures are greater than 
^ ected and in the second dilution they are, with one exception, lower. 

errors presumably arise in performing the dilutions and, therefore, are 
iifble to occur in any experiments made with this method. 

TVio coefficient of variation in this experiment was found to be approxi- 

^ a T,pr cent that is, tw'o counts must differ by at least 10 per cent, to 
mately o 

be significantly differen . 




THE INFLUENCE OF THE VAGUS ON THE SECRETION OF 
MUCUS BY THE STOMACH. By M. A. Jenkings ^ and 
H. W. Floeey. From the Sir William Dunn School of 
Pathology, Oxford. 

{Beceived for puhlication 1 lift October 1940.) 


The secretion of mucus by the stomach occurs under both physiological 
and pathological conditions— especially the latter, in which some form 
of “irritation” is usually present. The influence of the nerves on this 
mucus secretion is not yet quite clear. For many years it has been 
recognised that the fundal secretion — i.e. HCl and pepsin — ^is partly 
controlled by the vagus. Recently Wright et al. [1940] showed that the 
secretion of the first part of the duodenum (which contains much 
mucus from Brunner’s glands) was activated by vagal stimulation. 
It therefore seemed likely that the secretion of the intervening segment, 
the pyloric antrum, was influenced by the vagus, but this had never 
been clearly demonstrated. Experiments have now been done to 
investigate this point, and at the same time data have been collected 
bearing on mucus secretion from the fundus and cardia of the stomach. 
Cats have been used for all experiments. 

Vagal Stimulation. 

A. Acute Preparations . — In order to study the effect on pyloric 
secretion of stimulating the peripheral ends of the vagi, it was necessary 
to divide the pyloric antrum from the rest of the stomach, while avoiding 
damage to the nerves as far as possible. The best preparation we have 
used was made as follows. Under ether anaesthesia the pyloric end of 
the stomach was located through a mid-line abdominal incision. A cut 
was made with fine scissors through all layers of the stomach wall close 
to the greater curve starting about 3 cm. above the pylorus and 
extending for 2 cm. towards the fundus. A curved intestinal needle 
was put into the mucosa from the inside of the stomach at a point 
on the lesser curve opposite the lower end of the incision (about 2-| cm. 
from the pylorus). An artery clip was attached to the pyloric end of 
the cut on the greater curve. By pulling on the needle and the artery 
clip two folds of mucosa at the junction of the pyloric antrum with the 
body of the stomach were brought into apposition. These folds were 
* Holding a personal grant from the Medical 
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In control cats set up witli a pyloric pouch but with no interference 
in the chest the pyloric antrum and fundus both slowly secreted a very 
mucoid fluid; one cat in 10^ hours secreted 4-4 c.c. of pyloric juice 
and 2-3 c.c. of fundal juice, a second in lOJ hours 3-6 c.c. and 1-3 c.c. 
respectively, and a third in 12 hours 4-2 c.c. and 2‘2 c.c. A similar 
preparation, but decerebrate instead of decapitate, secreted 10'2 c.c. 
of fundal juice and 3-0 c.c. of pyloric juice in 12 hours. A cat with the 
splanchnics cut in the chest secreted 7 c.c. of fundal juice and 2-5 c.c. of 
pyloric juice in 9 hours. Atropine did not consistently alter this 
“spontaneous” secretion. One decapitate cat produced 88 c.c. of 
watery fundal juice and 1-5 c.c. of mucoid pyloric juice in 11 hours 
after receiving 0-6 c.c. of 1 per cent, atropine intravenously followed 
4 hours later by 1-0 c.c. In another animal 22 c.c. of very mucoid 
fundal juice and 8 c.c. of pyloric juice — ^the last part not mucoid — ^were 
collected in 9 hours. In a third cat 3 c.c. of fundal juice and 2 c.c. of 
pyloric juice, both very sticky, appeared in 11^ hours. 

These experiments made it clear that this type of preparation 
produced a certain amount of typical pyloric secretion and a sticky 
mucoid very sHghtly acid fundal secretion in the absence of any direct 
nerve stimulation except such peripheral stimulation as might be 
associated with the trauma of the operation. 

Stimulation Experiments . — ^Faradic stimuli (about 30 per second), 
15 seconds on and then 15 seconds off, were applied to the vagi in the 
chest for long periods. In three experiments on transfused animals a 
copious fundal secretion gave evidence of effective vagal stimulation. 
One cat in 10 hours secreted 151 c.c. of fundal juice containing a 
considerable amount of “dissolved” mucus and 4 c.c. of alkaline very 
mucoid pyloric juice, the second in 9J hours gave 210 c.c. of fundal 
juice and 6 c.c. of pyloric juice, and the third in 14^- hours 205 c.c. of 
fundal juice and 5-7 c.c. of pyloric juice. 

The amounts of pyloric juice in these three experiments are of the 
same order as those in the unstimulated controls. The histological 
jiicture, however, is very different, and shows that vagal stimulation 
promotes a definite emptying of the pyloric gland cells which is not 
seen in the controls. 

Histology. — Mucosa was taken at the beginning and end of aU 
experiments and was placed in Helly’s fluid. Bensley [1898] noted 
that an eosin-induhn-aurantia mixture stained the pyloric gland cells 
and certain cells of the fundal glands in mammals. The stain has been 
modified by Mr. H. Axtell in this laboratory as follows: indufln 2-0 g. 
is ground in 30 c.c. glycerol and the solution is diluted with 20 c.c. 
glycerol, 30 c.c. distilled water and 50 c.c. alcohol. Staining is done 
thus. (1) After removal of wax and any mercury deposit the section is 
thoroughly dehydrated with alcohol, (2) placed in picric-alcohol for 
6 minutes, (3) transferred to induUn solution for 1-12 hours, (4) washed 
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sewn together, care being taken to include only mucosa and the mini- 
mum amount of submucosa; the cut along the greater curve was then 
closed in two lajmrs. In this wa3'^ the pjdoric antrum was divided from 
the fundus with the least possible interference with its nerve supply. 
The pjdoric pouch was cannulated through a cut in the duodenum 3 or 
4 mm. beloAv the pyloric ring, the ligature being placed so as to interfere 
with the blood-supply of the pouch as little as possible. A cannula 
was also tied into an incision in the fundus. Both cannulas were 
brought to the outside of the abdomen through suitably placed stab 
wmunds and the mid-line incision urns closed. The vagi were dissected 
in the chest and an electrode applied for stimulation (see note at end). 
The animal wms decapitated. 

In some of the earlier experiments the condition of the cat, although 
it had appeared good at the end of the operation, rapidly deteriorated, 
so a therapeutic measure -which proved to be of great value was adopted. 
Twenty c.c. of citrated blood from another cat were injected intra- 
venously as soon as the operation was over and plasma was given at 
suitable intervals afterwards; in other words, surgical shock was 
combated. After the adoption of this procedure the cat remained in 
good condition even if the period of stimulation was extended to 10 or 
12 hours. At the end of the experiment the animal was usually bled 
into citrate solution and the blood used for the next experiment. 

After great loss of acid gastric juice (in vagal stimulation experi- 
ments) muscular twitching and movements occurred on the slightest 
touch, presumably because of alkalosis. In the last few experiments 
therefore the fundal juice, diluted -ndth an equal quantity of water, 
was run slowly into the duodenum through a cannula, so that it could 
be reabsorbed from the small intestine. 

Pyloric Jzdce . — From controls, vagal stimulation and permanent 
fistulse alike the pyloric secretion was a sticky, clear, egg-white-like 
juice capable of neutralising from 0-0 to 0-2 c.c. of N/10 HCl per c.c. 
Blood pigment mixed with the juice was noticed to become a bright 
pink or hlac colour on standing. The juice from permanent fistulse 
uniformly contained a trace of proteolytic enzyme active against 
albumen or casein at pH 2, but was totally inactive against these 
proteins at pH 6-8 and pH 8. 

Fundal Juice from vagal stimulation was equivalent to 1'3 to 1-6 c.c. 
of N/IO HCl per c.c., and this high acidity was maintained tlmoughout 
a period of stimulation lasting as long as 14 hours. When the pylorus 
was perfused with acid without nerve stimulation the fundus secreted 
a quite different juice— a scanty, egg-white-lilce material which clung 
to the mucosa and had a titration value of only 0-4 c.c. H/10 HCl per 
c c A fundal juice of similar appearance was secreted in the control 

animals. 
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experiments, but since the abdomen was not opened the stomaeh was 
completely untouched during the operation and there was therefore no 
local trauma. The animal was decapitated. The secretion was 
collected by applying a small test-tube over the mouth of the fistula. 
At the start of stimulation vigorous peristalsis of the pyloric segment 
could be seen owing to the attachment of the segment to the skin. 
After about half an hour the peristalis disappeared, but secretion 
continued at the same rate as before. 

Protocols. Gat 2.— Pyloric fistula in good condition, inserted 
months before. Cat starved for 24 hours; no secretion could be 
collected in the 2 hours before the experiment. 


11 . 10 - 12.20 

13.00 

12.20-14.20 


14.25-16.25 


16.25-18.25 

18.45- 21.45 

21.45- 23-45 
22.00 
23.45 


Preparation of vagi and decapitation. 

20 c.c. blood intravenously. 

Control Period, no stimulation. A small drop of juice 
collected at the mouth of the fistula. 

Stimvlation. — 0-6 c.c. very mucoid juice collected in 2 
hours. 

Control Period. — 0-2 c.c. juice collected in the first I- hour 
after stopping stimulation, nothing in the last 1|^ hours. 

Stimulation. — 0-45 c.c. very sticky secretion in 3 hours. 

Stimulation. — 0-20 c.c. very sticky secretion in 2 hours. 

12.00 c.c. plasma intravenously. 

Cat killed. The fistula was about 2 cm. long and in 
perfect condition. Histological examination showed a 
completely healthy pyloric mucosa. 


Cat 2. — Pyloric fistula in good condition, inserted 2| months before. 
Cat starved for 24 hours; no secretion could be collected in the hour 
before the experiment. 


10.50-12.15 Preparation of vagi and decapitation. 

12.20-14.05 Control Period, no stimulation. No secretion. 

14.05-16.40 Stimulation. — 0-5 c.c. very sticky juice collected in 2 hours 
35 minutes. 

16.40— 18.40 Stimulation. — 0-75 c.c. juice in 2 hours. 

18.40- 21.40 Control Period. — One drop of juice at mouth of fistula, 

nothing in collecting tube in 3 hours, 
f 16 c.c. plasma intravenously. 

21'40-23.40 Stimulation. — 0-35 c.c. very sticky juice in 2 hours. 

23.40 Cat killed. Fistula about 2-5 cm. long and in good 

order. Histology — completely healthy pyloric mucosa. 

Together with the histological picture seen after other acute experi- 
ments, these two protocols are strong evidence that the vagus is a 
secretory nerve to the pyloric glands. 
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quickly in water, (5) placed in 50 per cent. H2SO4 for 10 minutes 
and finally (6) washed well in water. As a routine it is then stained 
with jQucicarmine and counter-stained with, metaayl yellow. 

The cardiac gland cells, the mucoid cells of the fundus, and the 
pyloric gland cells stain an intense greenish black, while the surface 
mucous cells are stained red by the mucicarmine. The nuclei are 
brown and the rest of the tissue various shades of yellow. Very 
precise pictures are obtained of the distribution of the mucin in the 
pyloric glands and information is available which cannot be obtained 
other method. The mucin of Brunner’s glands stains in exactly 
the same way. 

Figs. 3 and 4 illustrate that prolonged vagal stimulation causes 
almost complete evacuation of mucus from the pyloric gland cells. 
The lumina of the evacuated glands appear to be somewhat dilated. 
In some animals dark-staining mucus lies free in the dilated lumen. 
Under higher magnification it is possible to see a rim of mucin remaining 
at the free borders of the cells and dark-staining mucin granules in 
the Golgi body area — a phenomenon noted in other mammalian mucous 
cells after exhaustion [Florey, 1932; Florey and Harding, 1933]. The 
surface mucous cells, staining red with mucicarmine, display no evidence 
of secretory activity after vagal stimulation. 

B. Fistula Experiments. — It was thought that the stimulus of trauma 
might be responsible for the secretion appearing from the pylorus in 
the “acute” preparation. To overcome this four innervated pyloric 
fistulm were prepared. The operation was the same as in the acute 
preparation as far as the stage of holding up the two folds of mucosa 
with the curved needle and artery forceps. Instead of sewing these 
two folds together, each fold of mucosa was split with fine scissors so 
as to divide the pyloric antrum from the rest of the stomach; great 
care was taken to cut nothing but the mucosa and the least possible 


amount of submucosa. The pyloric and fundal ends of the mucosa 
were each insewn and the split in the muscle near the greater curve 
was closed. The pyloric ring was cut across and the stump of the 


duodenum infolded. A posterior gastro-enterostomy was made. The 
mouth of the pyloric pouch was stitched into a conveniently placed 
stab wound in the belly wall. When the fistula had healed and the 
feeding experiments to be described later had been carried out, the 
vagus was stimulated in a terminal acute experiment. 

In two of the four cats the acute experiments unfortunately failed. 
One animal died from under-ventilation during preparation, and in the 
tlier the electrode gave trouble so that stimulation was ineffective 
° t at the beginning of the experiment, when some secretion 
^^neared. The remaining two cats, however, yielded convincing 
e that stimulation of the vagi in the chest caused secretion to 
a^pewV the pyloric pouch. The vagi were prepared as in other acute 
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3 hours 20 minutes in one cat and 6 hours 20 minutes in another pro- 
duced only a very smaU outimt of fluid (1-2 c.c. and 1-3 c.c. respectively) 
and no sigirificant neutralisation. Histological investigation shoryed 
that the pyloric mucosa had not been damaged by the fundal juice, 
neither was there any evidence that either the surface or the gland 
cells had been activated. A few c.c. of thick egg-white-like mucus 
collected in the fundal pouch during the perfusion. 

In six experiments done in a similiar way the vagi were stimulated 
during the perfusion of fundal juice or of HCl of equivalent acidity. 
Very slight neutralisation occurred, but there was no appreciable 
increase in the stickiness of the perfusate. In some experiments there 
was a small absorption of fluid. Histologically, activity of the pyloric 
gland cells was shown by the partial or complete evacuation of mucus 
into the gland lumina, which were dilated. This evidence of activity 
was never seen except after vagal stimulation. The surface epithelial 
cells were inactive. 

The results of these experiments contrast with those obtained on 
the duodenum by similar methods. The duodenal mucosa is con- 
siderably damaged by perfusion with N/10 or stronger HCl, while the 
pylorus is unaffected by N/6'6 HCl or gastric juice of about the same 
strength. Moreover, the mere perfusion of acid does not appear to 
stimulate the mucus-producing cells in the pyloric antrum, whereas 
Brunner’s glands are activated by this procedure even in a heavily 
atropinised animal. 

Mucus Secretion in the Bundus. 

There are two possible sources of mucin in the fundal mucosa — ^the 
surface epithelial cells and the mucoid cells of the glands, which are 
chiefly clustered in the neck region though a few are present in the 
depths of the glandular crypts. By using Axtell’s stain it has been 
possible to pick out the mucoid cells quite certainly and distinctly and 
to examine the effect of prolonged vagal stimulation on their secretion. 
Control pieces of fundal mucosa were taken at the beginning of each 
experiment. As well as those experiments in which the pylorus was 
divided from the fundus, two were done in which the only interference 
with the stomach was the insertion of a cannula into the fundus and the 
placing of a ligature just distal to the pylorus. 

In all vagal stimulation experiments there was a very severe depletion 
of the contents of the peptic cells, but in none was complete exhaustion 
of the mucoid (dark staining) cells observed. Some cats, even if they 
had secreted large quantities of mucoid fundal juice, showed no certain 
difference between the mucoid cells of the control and ‘ stimulated 
mucosa. In others, however, although many mucoid cells retained a 
considerable amount of mucin, dark-staining mucin was found in the 
gland lumina after stimulation, a phenomenon never seen in control 
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. Feeding Experiments. 

Other workers, using dogs [e.g. Ivy and Oyama, 1921], have found 
that pyloric pouches, whether innervated or denervated, secrete con- 
tinuously without regard to feeding or starvation. In some previously 
unpublished experiments [Florey and Harding, 1934] this has been 
confirmed for denervated pouches. One pouch, for example, com- 
pletely severed from the fundus so that all vagal fibres in the muscle 
were cut, regularly secreted 0-2 c.c. of thick mucoid juice in an hour 
whether the animal was fed or not. Another pouch, totally trans- 
planted into the subcutaneous tissues by the same method as had been 
used for the duodenum [Florey and Harding, 1935] and therefore 
deprived of all vagal and sympathetic fibres, secreted the typical mucoid 
alkaline juice at the rate of 0-15 c.c. an hour, again without regard to 
food. Tliis fistula preserved its structure excellently, the gland cells 
being particularly full of mucus when it was seen histologically, and it 
showed no evidence of inflammation. 

We have now obtained definite evidence that pyloric pouches, if 
fully innervated, can react to feeding and starvation. The four per- 
manent pouches in the series of cats which gave clear results in terminal 
vagal stimulation experiments were prepared, so that the whole nerve 
supply was carefully preserved. The fistula healed perfectly and the 
cats remained healthy throughout the experiment — one for months. 
The fistulse secreted the typical mucoid pyloric juice like egg-white, and 
in three out of the four cats gave a well-marked reaction to feeding. After 
24 hours’ starvation the mucosa at the mouth of the fistula was moist, 
but no juice could be collected in a pot tied over the opening. If meat 
and milk were then fed secretion began immediately and juice collected 
at the rate of 0-2-0-3 c.c. an hour. Tliis was repeatedly confirmed in 
three cats. The foimth cat gave no such effect, rather food seemed 
sometimes to inhibit the secretion, which was maximal 4-5 hours after 
feeding; no explanation for this variation was forthcoming. 


Perfusion. 

It was noted by Flore}'^ and Harding [1933] that perfusion of dilute 
HCl through the first part of the duodenum activated Brunner’s glands 
and caused partial neutralisation of the perfusing fluid. This pheno- 
menon has been confirmed by us many times since the original observa- 
tions Similar experiments have now been performed on the pylorus 
bv^nerfusing HCl or gastric juice through pjdoric segments prepared 
a ‘bed earlier in this paper, but with the addition of a cannula in 
as of the pouch for inlet of the fluid. The perfusate 

the proxi G bv a water-jacket around the entry tube, the 

"T,™ being tept eopetont by . thermostat. 

*^™The perfusion of fundal juice at the rate of 10-12 c.c. an hour for 
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Fig. 1. — Normal fundal mucosa taken before stimulation. AxteU’s stain. 

The mucoid cells appear black and the peptic cells grey, x 75. 

Fig. 2. — Fundal mucosa from same cat as fig. 1 after 6 hours of vagal stimula- 
tion. Note that the mucoid cells have been depleted and that the peptic cells 
appear exhausted, x 75. 






piece of pyloric mucosa taken at beginning of experiment. 
Axteli s stain. Mucus in the colls of pyloric glands appear black. x 75. 

mucosa of same cat after lOi^ hours of vagal stimulation, 
isoto the almost complete disappearance of dark-staming mucus. A thin rim 
ot mucus at the free borders of the cells can bo seen m some glands, x 75. 


Jenkinqs and Feorey, ** The Influence of Vagus on Secretion of Mucus by the Stomach. 
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sections. As in the pylorus, the surface epithelium showed no activity. 
Figs. 1 and 2 illustrate the most marked exhaustion of the mucoid 
cells which was seen. 

The fundal juice obtained in all these experiments was mucoid, 
in some cases particularly so, and the mucin, which was intimately 
mixed with the juice, did not separate out on standing. In addition 
to the dissolved mucin separate strands of thick mucin were frequently 
present. This mucoid juice contrasts sharply vdth that produced by 
histamine. Of two cats, one received 5-5 mg. of histamine in divided 
doses and secreted 74 c.c. of juice from the whole stomach in 6| hours, 
and the other received 4-75 mg. and secreted 62 c.c. in 6 hours. The 
juice was just as acid as vagal juice, but dilFered from it in looking like 
water and having apparently no mucin content. Histological examina- 
tion disclosed no changes in the mucous cells. 

Cardiac Glands . — These glands lie just distal to the oesophageal 
junction, and in the cat they are small. The mucin contained in the 
cells stains with indulin in the same way as in the mucoid and pyloric 
cells. In all experiments with prolonged vagal stimulation the cells 
were depleted or exhausted of their mucin. 

Discussion. 

Babkin in 1928 reviewed the work done up to that time on the 
innervation of the pyloric glands and noted that the results were few 
and contradictory. Since then, in Babkin’s laboratory, Vineherg 
[1931] has studied the secretion of mucus by the stomach and his 
results have been confirmed by Baxter [1934], Vineberg was con- 
cerned with the secretion of the stomach as a whole rather than with 
that of the pylorus in particular, but his results agree with those ' 
described in this paper, i.e. that vagal stimulation causes secretion of 
mucus by the pyloric glands. Gitlitz and Levison [1936] showmd in 
rabbits that injection of pilocarpine emptied the pyloric antral cells 
of their mucus, and described changes in the Golgi apparatus accom- 
panying the discharge and subsequent fresh production of mucus. 

Vineberg demonstrated also that slow weak rhythmic stimulation 
of the vagi in the neck of dogs and cats produced a mucous secretion 
which he believed to come from the mucoid cells of the fundal glands 
(the indulin-staining cells of the present work), but he recorded no 
histological observations. Stimulating the vagi faradically (30 per 
second) we have always obtained a copious acid mucoid secretion from the 
fundus and often histological evidence of depletion of the mucoid cells, 
though the evacuation is never so complete as in the pyloric gland cells. 
The Wav has, unfortunately, prevented further experiments using the 
slow stimuli advocated by Vineberg, which perhaps might give a more 

complete exhaustion. 



Influence of Vagus on Secretion of Mucus by the Stomach 337 

The cardiac glands have shown well-marked histological exhaustion 
in all our vagal stimulation experiments. 

The evidence therefore is that the vagus nerve controls the secre- 
tion of the cardiac mucous glands, the mucoid colls of the fundus and 
body of the stomach, the pyloric glands, and the mucous cells of 
Brunner’s glands in the duodenum [Wright el al., 1940]. In some 
experiments on man with atropine Loeper and Fau [1933] reached the 
opposite conclusion, i.e. that the vagus inhibited the production of 
mucus in the stomach, but their work is slight and would need 
confirmation. 

Baxter [1934] has concluded that the sympathetic nerves also have 
a secretory influence on the mucous cells of the stomach, but it is worth 
while to call attention to the fact that in unansesthetised decapitate 
cats considerable amounts of mucus are secreted in the pylorus without 
any specific nerve stimulation, and that even permanent denervated 
fistulsE may secrete spontaneously. Histological confirmation of 
increased activity under sympathetic nerve stimulation is desirable. 

A point of interest arising from our experiments is the strength of 
the HCl secreted in the fundal juice during vagal stimulation and the 
height at which the titre was maintained throughout many hours of 
stimulation. 

Attention is drawn to the very beneficial effects of following up a 
complicated acute operation with a blood transfusion. The improved 
condition of preparations treated in this way is most striking. Blood 
transfusion with, if necessary, subsequent plasma transfusion may be 
useful in many physiological experiments. 


Summary. 

1. Evidence is produced that the vagus controls the secretion of 
the cardiac and pyloric mucous glands and the mucous neck cells of 
the fundal glands. 

2. A histological procedure is described for staining these cells 
selectively and intensely. 

3. No effect of vagal nerve stimulation on the surface epithelial 
cells of the stomach has been seen. 

4. Innervated pyloric pouches cease to secrete on starvation, but 
secrete at once following the ingestion of food. 

5. Blood transfusion has been found greatly to improve the general 
condition of the decapitate cat after a long and complicated preparation. 

Note on the Electrode and its Apflication. 

The electrode used in these experiments and in those on Brunner’s 
glands [Wright e{ al., 1940] was devised by R. D. Wright (fig. 5). It 
VOL. .XXX., no. 4.-1940. 2a 
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consists of a small rectangular block of Perspex in wkich an oval recess 
is cut. A hole is drilled tlirough each end into the recess, large enough 
at one end to admit both vagi, smaller at the other end. Two platinum 
wires are fixed across the recess and are soldered to long pieces of thin 
enamelled wire. Before application a fine silk thread is passed through 
the holes and over one platinum rvire and under the other in the recess, 
and a small piece of thick rubber (a chip from a rubber tube) is threaded 
by a needle on to the end emerging from the smaller hole. The recess 
is then made into a closed chamber by stretching tightly over it a piece 
of thin rubber, which is twisted and tied at the back of the electrode. 


AC* ^ B 



Fig. 5. — Outside measurements of block: 13 mm. long, 8 mm. wide, 3-5 mm. 
deep. Becess 7x4 mm. Junctions of platinum and enamelled wires are buried 
in perspex cement. AA, platinum wires; BB, enamelled wires; C, silk tlwead; 

D, piece of thick rubber; E, Perspex block. The covering of thin rubber is not 

shown. 

The method of opening the chest has been previously described 
[Wright et al., 1940]. In the present experiments the right and left 
vagi were dissected as high as the root of the lung, so that 2-3 cm. 
w'ere freed. The posterior communicating branch was also dissected. 
The nerves were cut as near the root of the lung as possible and the 
right trunk was passed behind the oesophagus, so that all three nerves 
lay in the left para-oesophageal groove. The cut ends of the nerves were 
tied together with the free end of the silk thread and the nerves were 
gently pulled into the chamber, into contact with the platinum 
electrodes. The chip of rubber was slipped down the thread till it 
touched the Perspex block, gripping the thread and preventing the 
nerves from slipping out. In this way the electrode with the nerves 
in it could be made to lie conveniently behind the oesophagus without 

kinking. 

We are indebted to the Government Grants Committee of the 
Roval Society for a grant towards the expenses of this work. 

^We are indebted to Mr. J. Kent for technical assistance. 
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CONSTRICTION OR RENAL VESSELS IN THE FROG {BANA 
ESCVLBNTA) AND ITS EFFECTS ON THE SYSTEMIC 
BLOOD-PRESSURE. By Mabthe Vogt.^ From the Phar- 
macology Laboratory, Cambridge. 

{Received for publication 7th November 1940.) 

The experimental production of hypertension in mammals by chronic 
obstruction of the blood-flow to the ludney was first described by 
Goldblatt, Lynch, Hanzal, and Summerville [1934] and has since 
been generally confirmed. Work carried out in Goldblatt’s and in other 
laboratories has shown that liberation by the kidneys of some chemical 
substance is to be considered as the cause of the hypertension. Nothing, 
however, is known about the site or mode of production of that substance 
in the kidney. Experiments described by Verney and Vogt [1938] 
have shown that the degree of hypertension increases with the func- 
tional load to which the kidney is subjected. This fact suggests a 
link between renal metabolism and production of the hypothetical 
agent. Since the tubules are supposed to have a larger share in the 
renal metabolism than the glomeruli, it seemed possible that ischsemia 
of the former was directly responsible for the production of the unknown 
substance. An attempt is described in this paper to test this deduction 
on frogs, since their double renal blood supply, the portal circulation 
feeding tubules (of the first order) only, and the arterial supply irrigating 
glomeruli and tubules of the second order, affords a means of producing 
an isolated isehsemia of tubules. 


Methods. 

Eighteen specimens of Sana esculenia (Hungarian variety) were 
available for the experiments. In order to take repeated readings of 
their blood-pressure, the frogs were ansesthetised with urethane or 
ether and, as soon as their respiration had stopped, placed on a 
horizontal board adjacent to the stage of a microscope. The tongue 
was gently pulled out of the mouth, passed through a 1-5 cm. long 
cuff which could be inflated, and its forked tips were spread on a slide, 
moistened with water and covered with a covershp. Observation of 
the lingual vessels was made with a low-power lens (Leitz No. 3). 

The cuff was similar to that described by Verney and Vogt [1938, 
^ Alfred Yarrow Research Fellow of Girton College. 
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abdominal vein. The renal portal veins -were exposed at the distal pole 
of the kidneys. For the reduction of renal arterial supply the aorta 
■was constricted immediately below the origin of the cceliaco-mesenterio 
artery, thus producing an ischaemia of both kidnej's simultaneously. 
The anastomoses described by Kempton [1937] between the posterior 
renal arteries on the one hand and the iliac and inferior mesenteric 
arteries on the other are included in the area, of diminished circulation. 
The anaesthetics used for the operations were urethane or ether. 

Results. 

1. Obstruction of the Renal Portal Veins. 

The preliminary ligation of the abdominal vein had no effect on the 
blood-pressure of eleven frogs, although three of these died suddenly 
a few days after the operation. 

In five of the eight survi-ving frogs of this series, one portal vein 
only was obstructed. The blood-pressure remained unchanged in all 
of them during the period of observation, which lasted from three to 
twenty-one days, except for one ftog in which the pressure fell below 
normal from the fifteenth post-operative day onwards. The efficacy 
of the constricting ligature is shown by a mild shrinkage of the kidney 
on the operated side which was observed in four of the frogs. The 
difference in length had reached 4 and 4-5 mm. in two frogs which 
were killed ten and twenty-one days respectively after the operation. 
Histologically, the only obvious difference was the larger percentage 
of dorsal tubules of a small diameter in the operated as compared with 
the normal kidney. The findings show some resemblance to the 
diminution in size seen in the ischaemic kidney of hypertensive dogs, 
but the effect on the blood-pressure is nevertheless absent. 

In three frogs both portal veins were obstructed. The two sides 
were done simultaneously in one frog; this resulted in a fall of blood- 
pressure ending in death thirteen days later. Done in two stages, the 
operation was survived indefinitely (observation for two months, see 
P. 8 of fig, 1) in one frog, a transitory fall being produced by the second 
operation; and was survived for one day only in another (P. 11 of 
fig. 1), the blood-pressure remaining unaffected. 

Obstruction of the renal portal vein, therefore, in the frog whose 
abdominal vein has previously been ligated, does not produce a rise in 
systemic blood-pressure. 

2. Obstruction of the Abdominal Aorta. 

The aorta was obstructed in seven frogs. The results are illus- 
trated in P. 20 and P. 22 of fig. 1. Ho effect whatever on the blood- 
pressure was seen. The frogs were observed for periods up to thirty 
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p. 256]. Its width, liowever, was reduced to half, and only the outer 
strip was made of thick rubber. A piece of thin rubber formed its 
inner surface and its side waUs, and was sealed to the outer surface 
of the thick strip. In making these cuffs, care has to be taken that the 
inner rubber is slack, so that very little pressure is needed to occlude 
the cylindrical channel through which the tongue is passed and in 
which it is compressed. This channel, which has a diameter of about 
9 mm., is kept at constant size by a ligature tied round the free ends of 
the cuff. 

The cuff was connected with an air reservoir whence one piece of 
tubing led to a mercury manometer and another to a compression ball. 
An arteriole was selected for observation, the cuff inflated till the 
pulsation in the artery stopped, and the pressure gradually released 
in order to find the point at which a pulsatile flow was resumed. This 
point corresponded with the systolic blood-pressure. 

The accuracy of the cuff method was checked by recording the mean 
blood-pressure of a frog (the abdominal aorta was cannulated with a 
heparine-fiUed cannula connected to a narrow bore mercury mano- 
meter), and simultaneously observing the pressure as estimated by 
compression of the tongue. The cuff readings were found to be 4 mm. 
higher than the mean blood-pressure as recorded from the abdominal 
aorta. 

Deep anresthesia, though necessary for the purpose of pulling the 
tongue out of the frog’s mouth, lowers the blood-pressure considerably. 
It is, however, possible to continue the observations during the whole 
period of the frog’s recovery from the ansesthesia, since the tongue, 
once it has been pulled out, will not be withdrawn so powerfully as at 
the beginning of the anaesthesia. By taking readings up to the time 
when the frog comes round and starts to move, a maximal value is 
obtained which provides a reasonably steady base-line. Needless to 
say, the frogs are always breathing when the significant readings are 
taken. Measurements were usually repeated at intervals of 24 or 
48 hours. The first readings on a new frog, or readings after a long 
pause in the observations, are often lower than normal, since some 
frogs start to withdraw’^ their tongue from the cuflf in a deeper stage of 
anesthesia than after some days of “training.” 

The experiments were done between May and October on frogs of 
both sexes weighing between 47 and 96 g. and fed on earthworms and 


insects. • , 

The renal vessels were constricted by t 3 dng a silk ligature tightly 

around a pin and the particular vessel, and subsequently removing the 
If obstruction of the florv through the renal portal veins was 
^Tended the abdominal vein was tied in a preliminary operation, since 
as feared that the effect of the ligature might otherwise be a more 
Tess complete shift of the circulation from the renal portal into the 
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absence of any rise from the combined procedure; if a change was 
produced at all by constricting the aorta, it was in the direction of a 
fall in blood-pressure. 

Ischemia of the kidneys produced by constriction of the aorta 
above the origin of the renal arteries, either by itself or combined with 
obstruction of the renal portal veins, has, therefore, no influence on the 
frog’s blood-pressure. 

Stjmmahy. 

A method is described which permits daily readings of the frog’s 
systemic blood-pressure to be made in light ana5sthesia. 

Constriction of one or of both renal portal veins was performed in 
frogs {Rana esculenia) in which the abdominal vein had been ligated; 
The constriction had no efi’ect on the systemic blood-pressure. 

Obstruction of the aorta just above the origin of the renal arteries 
in Rana esculenta did not alter the frogs’ blood-pressure, neither did 
this operation do so in combination with constriction of the renal 
portal veins. 

Some of these experiments were done in the Molteno Institute for Parasi- 
tology. It is a pleasure to thank Professor KeiUn for the facilities he gave 
me. 
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days. That the absence of effect could hardly be due to insufficient 
arterial constriction was demonstrated by (a) a fall in blood-pressure 
and death of the frog if the constriction was made only slightly severer 
than in the experiments in which the frogs survived, and (b) an atrophy 
of the kidneys seen at the post-mortem examination of the operated 



F. 11, 5,62 g. F. 20, 5 48g. 

F. 8, $, 82 g. F. 22, ?, 65 g. 

A.V. =Ligation of the abdominal vein. 

L.P. = Constriction of the left renal portal vein. 

K.F. =Constrictton of the right renal portal vein. 

Ao, =Constriction of the aorta just above the renal arteries. 
Abscissa; days. 

Ordinate: systolic blood-pressure in mm. Hg. 


frogs. Since the obstruction was symmetrical, the degree of atrophy 
was difficult to assess, but the atrophy seemed too regular to be 
accidental, and consisted in a thinning of the organ in the dorso-ventral 
direction. Histologically one frog only (No. 20) had serious renal 
lesions: when killed twenty-six days after the operation, acidophilic 
fluid was found in the capsules of nearly all glomeruli and in many 
tubules of the first order. In the other frogs nothing abnormal was 
seen with the exception of some atrophied glomeruli and casts in a few 
dorsal tubules of two of them. 


3 Constriction of the Renal Portal Veins and of the Aorta. 

T y- 8 constriction of the aorta was carried out when complete 
' r +Vvo Wnod-uressure from its transitory fall after the operation 
Tn “to Jd taken plaee. Tie graph (eee fig. 1) showe the 
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In a study of psychophysiology the gastric mechanism during hunger 
is an ideal starting-point. It is subject to marked changes due to 
psychic stimuli and records of these changes may be readily made. 

The Experimental Procedure for the Study of Psychic 
Phenomena on the Gastric Hunger Movements. 

In our experiments the balloon method of recording was used. 
The balloon was introduced by the oesophageal route and the connect- 
ing tube was attached to a bromoform (sp. g. 2'884) manometer. A 
single-drum smoked paper kymograph was used in the first recordings, 
followed by a longer series made on a long-paper Harvard kymograph 
revolving at the same speed. The ink method of recording was used 
in the latter series [Patterson, Scantlebury, and Gijsbers, 1935; 
Patterson, 1937, 1938]. This provided sufficient recording surface 
for an entire afternoon’s work (fig. 1). 

Three subjects, R. E. S., H. L. F., and N. G., were used for a series 
of normal and experimental studies totalling about one hundred and 
fifty hours. These subjects fasted for about eighteen hours preceding 
recordings, and the experimental period lasted from four to six and 
a half hours, the total fast period being twenty-two to twenty-four 
and a half hours. 

The normal hunger periods of our subjects fell within the average 
for the twenty-six- to thirty -four-year age-group [Carlson, 1912]. A 
constant twenty to thirty seconds’ tonus rhythm Avas maintained 
throughout the series, and where definite inhibitory influence did not 
enter into the contraction period the incomplete tetanus ending was 
usually present. A total of sixty hours of tracings Avas taken from 
.the stomach of R. E. S., seventeen hours of which were normal and 

I PteUminavy reports of this -vroTk Avere given before the American Physiological 
Society at Detroit, Michigan, 11th April 1935, and at Baltimore, Maryland, 31st 
March 1938, brief abstracts of which were published in the Proceedings of that 
Society [Amer.J. Physiol., 1935,113, 47; ibid., 1938, 123, 179). 
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In a study of psychophysiology the gastric mechanism during hunger 
is an ideal starting-point. It is subject to marked changes due to 
psychic stimuli and records of these changes may be readily made. 


The Expeeimentai; Procedure for the Study of Psychic 
Phenomena on the Gastric Hunger Movements. 


In our experiments the balloon method of recording was used. 
The balloon was introduced by the cesophageal route and the connect- 
ing tube was attached to a bromoform (sp. g. 2-884) manometer. A 
single-drum smoked paper kymograph was used in the first recordings, 
followed by a longer series made on a long-paper Harvard kymograph 
revolving at the same speed. The ink method of recording was used 
in the latter series [Patterson, Scantlebury, and Gijsbers, 1935; 
Patterson, 1937, 1938]. This provided sufficient recording surface 
for an entire afternoon’s work (fig. 1). 

Three subjects, R. E. S., H. L. E., and N. G., were used for a series 
of normal and experimental studies totalling about one hundred and 
fifty hours. These subjects fasted for about eighteen hours preceding 
recordings, and the experimental period lasted from four to six and 
a half hours, the total fast period being twenty-two to twenty-four 
and a half hours. 

The normal hunger periods of our subjects fell within the average 
for the twenty-six- to thirty-four-year age-group [Carlson, 1912]. A 
constant twenty to thirty seconds’ tonus rhythm was maintained 
throughout the series, and where definite inhibitory influence did not 
enter into the contraction period the incomplete tetanus ending was 
usually present. A total of sixty hours of tracings was taken from 
• the stomach of R. E. S., seventeen hours of which were normal and 


) Prelin^ary reports of this work were given before the American Physiological 
booiety at Detroit, Michigan, nth April 1935, and at Baltimore, Maryland, 31st 
March 1938, brief abstracts of which were published in the Proceedings of that 
Society (Amcr. J . Physiol., 1935, 113, 47 ; ibid., 1938, 123, 179). 
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In a study of psychophysiology the gastric mechanism during hunger 
is an ideal starting-point, H is subject to marked changes due to 
psychic stimuli and records of these changes may be readily made. 


The Experimental Pbocedtjre for the Study of Psychic 
Phenomena on the Gastric Hunger Movements, 


In OUT experiments the balloon method of recording was used. 
The balloon was introduced by the oesophageal route and the connect- 
ing tube was attached to a bromoform (sp. g. 2-884) manometer. A 
single-drum smoked paper kymograph was used in the first recordings, 
followed by a longer series made on a long-paper Harvard kymograph 
revolving at the same speed. The inli method of recording was used 
in the latter series [Patterson, Scantlebury, and Gijsbers, 1935; 
Patterson, 1937, 1938]. This provided sufficient recording surface 
for an entire afternoon’s work (fig. 1). 

Three subjects, R. E. S., H. L. E., and N. G., were used for a series 
of normal and experimental studies totalling about one hundred and 
fifty hours. These subjects fasted for about eighteen hours preceding 
recordings, and the experimental period lasted from four to six and 
a half hours, the total fast period being twenty-two to twenty-four 
and a half hours. 

The normal hunger periods of our subjects fell within the average 
for the twenty-six- to thirty-four-year age-group [Carlson, 1912]. A 
constant twenty to thirty seconds’ tonus rhythm was maintained 
tluoughout the series, and where definite inhibitory influence did not 
enter into the contraction period the incomplete tetanus ending was 
usually present. A total of sixty hours of tracings was taken from 
.the stomach of R. E. S., seventeen hours of which were normal and 


PreUtninary reports of this work were given before the American Physiological 
bocioty at Detroit, Michigan, 11th April 1935, and at Baltimore, Maryland, 31st 
March 1938, brief abstracts of which were published in the Proceedings of that 
bociety {Arner. J. Physiol., 1935, 113, 47; ibid., 1938, 123, 170). 
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forty-three hours experimental recordings. The tracings used from 
the work on H. L. F. consisted of a total of fifty-two hours, twelve 
hours of which w^ere normal recordings, with psychic and hypnotic 



j-jo. 1 — Photograph showing the arrangement of apparatus for reoording gastric 
movements. The traomg is of a normal hunger period. 

variations being used during the remaining forty hours. The normal 
studies from the stomach of N. G. varied so greatly and were so limitea 
in number that the experimental results were not considered. 


The Effect of Nobmal Sleep on the Hhngee Conteactions. 

In order to reach a fair estimation of the effect of hypnotic and 
other psychic influences on gastric motility it seemed advisable to 
study &st the effect of normal sleep on hunger peristalsis. Carlson 
ri916] pointed out that during sleep there is a decreased activity ol 
all neuromuscular mechanisms so far investigated, and further states 
that one might have expected that gastric tonus would have been 
likewise diminished. However, instead of being depressed, the hunger 
contractions continued with the same vigour as during the waking 


subjects, as those of Wada [1922], when awake at the onset 
flip contraction period, expressed a feeling of extreme discomfort, 
mi- «=flpqsness disappeared within five to ten minutes after the con- 
This restless^i^^pp^^^ the subjects frequently fell asleep. Actual 
tractions tracines showed that the height of the individual 

measuremen s average, greater during sleep. Too much 

contraction > -nlaced on tliis observation, how-ever, since 

emphasis should not ne p 
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the subjects more often slept during the period of vigorous contractions. 
It does confirm, however, that the contractions are not diminished 
during sleep. 

The Effect of Hypnotising the Subject on Gastbic Motility. 

In the accompanying tracing (fig. 2) hypnotism was in progress 
between points 1 and 2. At point 2 the subject, H. E. E., was in a 
satisfactory state of hypotaxic hypnotism and suggestion was dis- 
continued. Hypnotic procedure seemed in all cases to lessen the height 
of the individual contractions. The contractions returned to normal 
height when the subject was in a satisfactory hypnotic sleep. 



Fig. 2. — The effect of producing hypnosis is shown between points 1 and 2. 
At 2 the subject was in satisfactory hypotaxic hypnotic sleep. Point 3 denotes 
the introduction of the “hypothetical meal.” 


We concluded that the production of hypnotic sleep has a depressing 
effect on gastric motility. In most of our experiments, therefore, we 
placed the subject in hypnosis during the quiescent period. No effect 
on the tonus rhythm was noted, and only a slightly elevated general 
tonus was observed from the procedure in the period of quiescence. 


The Effect of Psychic Stimuli on the Hunger Movements 
OF THE Waking Subject. 

1. The Sight and Smell of Food. — The effect of the sight of food on 
the hunger contractions of man cannot be predicted. Carlson [1916] 
found, when acting as a subject himself, after fasting four days, that 
the sight of food completely inhibited his hunger contractions. Wada 
[1922] showed his subjects food and allowed them to smell it without 
obtaining any inhibition of the hunger movements. 

In our investigation we sought to determine, if possible, which 
of these views was correct. In our subject, R. E. S., we did not find 
that the sight or smell of food had any effect on the hunger movements. 
A slight salivation was noted. It is significant that Carlson reported 
considerable salivation, while Wada said nothing about it. It would 
seem evident from our findings as correlated with those of other in- 
vestigators that the amount of inhibition from the sight or smell of 
food depends largely upon the individual response to the stimuli. If 
the production of appetite juice or the cephalic phase of gastric secretion 
is sufficiently great there is evidently an inhibition. 
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2. The Taste of Food . — Our data from man concerning the effect 
of tbe taste of food verifies the work of Carison [1916] and Wada [1922], 
The taste of food inhibited the hunger contractions in subject R. E. S,, 
who was given small bits of banana and on other occasions bits of 
chocolate cup-cakes. The degree of inhibition depended upon the 
strength of the stimulus. We found that the taste of food was always 
sufficient to produce some inhibitory effect on the hunger mechanism. 

The Effect of Psychic Inflhehge on the Hypnotised. Subject. 

In our series of more than eighty hours of recordings with the 
subjects in hj'potaxic hypnosis, we suggested the eating of a standard 





Fig. 3- — Composite tracing sho\ving the result of introducing stimuli with respect 
to the length of a normal period. A, a normal contraction period thirfc^'-one 
minutes in length. B, ‘‘hypothetical meal” given during first two-fifths of the 
normal period. C, same stimulus during second two.fifths of the normal period. 

D same stimulus in last one-fifth of the normal period (period of incomplete 

tetanus), 

hypnotic meal and compared the results wdth the normal influence of 
thought, sight, and smell of food. Our standard stimulus to the subject 
was'the suggestion of eating a meal of soup, roast goose, sweet potatoes, 
peas, salad, and dessert. When the “hypothetical meal” was given 
during the period of gastric activity there was always some inhibition, 
with the exception of the tetany period. 

We discovered variations in our results wffiich depended upon the 
elative place in the period of activity at wffiich the stimulus was given. 
Studies of our tracings were made, and we found that the type of re- 
tion depended upon the relationship of the point of stimulation to 
the average length of the normal contraction period of that subject 
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With this hypothesis ■\ve arbitrarily divided our points of stimulation 
into three periods. Tig. 3 represents the composite effect of stimuli 
in the various periods as follows. A is a normal, B the first two-fifths 
of the normal contraction period, C the second two-fifths of the normal 
period, and D the final one-fifth or period of incomplete tetanus. 

When the stimulus ivas given during the first one-fifth of the normal 
contraction period there ivas a temporary inhibition of the hunger 
movements and, as is indicated in fig. 4, B, the total length of the con- 
traction period was greater than that of the normal (fig. 4, A). Big. 4, B, 
from the stomach of B. E. S., shows results obtained from stimulation 
during the first one-fifth of the normal period. Suggestion of the 




' I' ' \ 




I' 

1 1 




Fig. 4. — Subject R. E. S. A, normal hunger contractions ending in incomplete 
tetanus; 8, bodily movements; 9, subject snoring lightly. B, tracing showing 
ther — ■ '■ gestion in early part of contraction period; 12 to 13, the 

Sugg' hjTiothotical meal.” Note inhibitory effects. 2 to 3, 

hunger tvas without effect. Time one per second. 


hypothetical meal commenced at point 12 and ended at point 13. 
Note the lengthening of the period between contractions [Scantlebury 
and Patterson, 1938]. The normal rhythm returned just at the end 
of the period and the incomplete tetanus ending is shown. The total 
length of this period was thirty-eight minutes, although the average 
for this subject was thirty and a half minutes, indicating that the period 
was sufficiently longer to compensate for the temporary inhibition. 

The tracings in fig. 6 show the results of suggestion of the standard 
meal eighteen minutes after the appearance of the first contraction, 
during the second two-fifths period as indicated by fig. 3, C. In tracing 
A, fig. 5, the stimulus was commenced at point 2 and stopped at point 3. 
In tracing B, fig. 5, stimulus started at point 9 and ended at point 10. 
Note the complete inhibition following a short latent period of two to 
four minutes. These factors were characteristic of our records when 
the stimulus was introduced during the second period. 

Pig. 6 indicates the effect of a stimulus introduced during the period 
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of incomplete tetanus, the third period as indicated in fig. 3, D. Carlson 
[1916] states that, when given during the period of incomplete tetanus, 
a suflficiently strong stimulus will give rise to an inhibition. We were 

i » . , - ' A 

t 

1 - - ■ I - ' I 

/ I 1 



1 - - - r- I --r — 

t f /e ff 


Flo. 5. — Subject R. E. S. A, 1, conclusion of hypnosis; 2 to 3, suggestion 
of eating a “hypothetical meal.” Note complete inhibition. B, 8 , suggestion 
of anxiety; 9 to 10, suggestion of eating a “hypnotic meal.” Note complete 
inhibition. 11, subject still in hypnotic sleep. Both stimuli vere given during 
the second two-fifths of the normal period length. Time one per second. 


I 



0 _ ^Results of the “hypothetical meal” given during the last one.fifth 

fneriod of incomplete tetanus) of the normal period length, 1 to 2 , stimulus 
introduced. Note absence of inhibition. 

unable to confirm these results (fig. 6). Our stimulus may not have 
been strong enough, or the period from the beginning of the stimulus 
to the normal ending may have been too short for the normal refle.M 
to he completed. 

Results and Discussion. 

An outline of the phenomenon of the state of immobility, akinesia, 
ehanohypnosis, as it has been shown to exist in various animals 
h the phylogenetic scale, is shown in the table [Rabaud, 1918; 
throng 2 ^ 26 ; Hoagland, 1928; Bleicli, 1928; Bonnet and Sahoul, 
mS^^Mangold and Eckstein, 1919; Steiniger, 1937; Spiegel and 
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Goldbloom, 1925; Ingram, Harris, and Hanson, 1936; et al.]. It 
will be noted that the condition of thanatosis as it occurs in nature, as 
well as the artificially produced state of akinesia, occurs in most of 
the lower forms studied. In the “'feigned death as it occurs in nature, 
the duration of the immobilisation is short. The akinesia produced 
in animals has been found by other investigators to last from 1 to 14 
minutes ; our preliminary studies in one series indicate that a state 
may be produced which will last up to 1 hour and 50 minutes in the 
frog. The seemingly significant factor in determining the duration 
of the period was the strength and length of the stimulus and the 
occlusion of air currents from the animal. It seems reasonable to 
assume that the sum total of the central nervous system involvement 
in such a state is purely due to the failure of a normal number of 
afferent stimuli to reach the brain, or a suppression of the pathway 
of the efferent stimuli passing the thoracic ganglia. 

In the intermediate vertebrates (reptilia, aves, etc.), central nervous 
function may be partially depressed due to oxygen lack. This 
phenomenon certainly plays a part in the animals above the first 
transitional zone (see table), in which the vasomotor mechanism plays 
a more important role. In this group a long -continued change of 
position which affects the pressure in the carotid sinus mechanism 
produces a state termed mechanohypnosis. Either failure of the 
venous drainage or over-oxygenation of the vital centres will produce 
a typical catalyptic rigidity. 

The term animal hypnosis has been applied to a state produced 
in the dog by Pavlov [1922], A thorough examination of Pavlov’s 
published data must place this state in the classification of immobilisa- 
tion and not true hypnosis. In true hypnosis as it is found in man 
there is the condition of rapport, a mental contact between operator 
and subject. It is true that Pavlov produced a state in dogs in which 
they would respond to certain stimuli when they were under a state of 
immobilisation. The reverse was also true ; that is, the stimulus would 
produce the immobilisation state. It seems then that the state so 
produced was really a conditioned reflex. 

Differing from the conditioned response produced in dogs by Pavlov, 
the state of rapport is so established in man that during a single trance 
several suggestions not previously used by the operator may be acted 
upon by the hypnotised subject. 

Boldyreff [1914] has reported that the contractions of the empty 
stomach are inhibited during periods of spontaneous secretion of gastric 
juice. Questions of the mechanism involved in this inhibitory action 
arise. Is the mechanism a direct stimulation of the stomach mucosa 
due to the process of secretion! Is it due to reflex action 1 

Pavlov [1910] from his work on dogs found that there is a latent 

period of about five minutes from the beginning of secretion to 
VOL. XXX. XO. 4.— 1940 OA 
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inhibition. Carlson [1916] has set the latent period from “psychic” 
secretion in man at two to three minutes. It has also been shown that 
acid placed directly in the stomach causes an inliibition of the con- 
tractions ; the amount and duration of alteration depends upon the total 
amount of hj'drochloric acid introduced. The duration of inhibition 
is on the whole proportional to the total quantity of acid introduced. 

It seems certain that the quantity of free hydrochloric acid in the 
stomach is a determining factor in gastric inhibition. Evidence points 
to the fact that the free acid present in the gastric content will determine 
not only the initiation of inhibition but also the degree to which the 
contractions are changed. It is also possible that .the presence of a 
certain quantity of the free acid in the stomach keeps the stomach in 
quiescence. It might be assumed on this basis that an alkaline stomach 
would produce hunger contractions. This does not seem to be the 
case, since the presence of alkali has the same inhibiting effect as acid 
except to a much lesser degree. In accordance with the findings of 
others, none of our stimuli would affect changes during the period of 
quiescence. 

The mechanism by which this acid concentration acts to inhibit 
the hunger movements is probably reflex. The acid stimulates the 
sensory end organs in the stomach wall. The pathway of the afferent 
impulse in this reflex inhibition is probably partially through the 
sensory fibres of the vagus. In dogs with the vagi sectioned but the 
splanchnics intact, inhibition from psychic secretion is less marked 
than in the normal animal. This may be partially due to a lowered 
general tonus of the stomach musculature. It is sufficiently clear from 
experimental results that a portion of the afferent impulses involved in 
this reflex are through vagal sensory fibres. 

Carlson [1916] in studies on five dogs with both splanchnics sectioned 
found an increase in tonus. Psychic or reflex inhibition of the gastric 
hunger contractions is greatly diminished or abolished. Stimuli which 
normally cause complete cessation of the hunger movements now have 
little or no effect. Periodicity remains but external or reflex inhibition 
is abolished. We may therefore assume that the efferent nervous 
pathway of inhibition is through the splanchnic nerves. 

Having indicated the reflex pathway of normal gastric inhibition, 
we must also give consideration to the problern of hypnotic inhibition. 
If hjqjnosis be a central phenomenon due to increasing spread of 
inhibition or dissociation of the centres, is the inhibition due to (1) 
a direct central stimulation of the splanchnics ; (2) a cutting off or 
dissociation of the normal impulses over the vagus diminishing the 
number of impulses reaching the stomach, leaving it more or less under 
complete splanchnic control; or (3) is the mechanism of inhibition 
due to a reflex set up by stimulation of the sensory nerve endings in 
the stomach and to the increase of the number of impulses by way of 
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the splanchnics? The last is the same as the normal inhibitory 
mechanism. 

We have been unable to rule out the possibility that under hypnosis 
there might be a direct stimulation of th6 splanchnic causing at least 
part of the inhibition. No experiments u'ere attempted to test this 
possibility, since we were reasonably certain from other results that 
central stimulation did not play an important part in the inhibition 
so obtained. However, since there is one group who believe that 
hypnotism effects changes in the s 5 ’-mpathetic nervous sj'stem, the 
problem ought to be investigated [McDougall, 1920]. 

That the vagus was not inhibited, leaving the splanchnics in full 
control of the gastric mechanism, avas indicated b}^ the fact that there 
avas no drop in the general tone of the stomach during the inhibitory 
periods. Patterson [1933], in bullfrogs, and Carlson [1916], in dogs, have 
found that section of the arngus alaa'ays leads to gastric hypotonia. 

Luckhardt and Johnston [1924] found an increase in the acidity 
of the gastric juice of a hyqanotised subject aa’hen a meal was suggested. 
Bennett and Venables [1920] claim that the rapidity'^ of emptying time 
determines the hy^drochloric acid content of the stomach, and indicates 
also that the stomach is largely under central nervous control. They 
state that "when the brain is filled with the conception of hunger, 
vigorous gastric peristalsis is the residt.” Bennett and Venables also 
claim that certain emotional states, such as anxiety, fear, and rage, 
cause a decrease in both motility of the stomach and acidity of the 
gastric content. 

Kharmandarian, Platonov, and Bezchinskaia [1935] have found that 
under hypnosis certain pleasant psychic stimuli caused an increased 
tonus, while unpleasant psychic stimuli caused a weakened or scarcely 
perceptible peristalsis with a lowered tonus. Frick, Scantlebury, and 
Patterson [1935], Scantlebury and Patterson [1938], and Scantlebury 
[1938] have demonstrated inhibition of the contractions but no change 
of tonus when suggestions of eating were given to a hypnotic subject. 
Hellebrandt [1935] believes that the recurrent hunger cycles in the 
human fasting stomach are associated with fluctuations in the acidity 
of the gastric content. These two phases of gastric function augment 
and subside in unison and are dependent one on the other. No ex- 
nlanation is made of which is the initiating element or whether both 
are dependent on a third factor. 

In the tracing shown in fig. 5 it niay^ be noted that there is a latent 
riod between the time the stimulus is given and the beginning of the 
^hibition This inhibitory period is from two to four minutes. Where 
Vi" occurs there usually is a partial inhibition before complete cessation 
^hunger movements. In the recording where only partial inhibition 
rf ed bv the stimuli, there are two to four normal contractions 
before this action is noted on the tracing. 
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Bennett and Venables [1920] and Luckhardt and Johnston [1924] 
have found that the total quantity, ns well as an increasing total acidity 
of the gastric juice, is produced in a hypnotised subject. We may 
therefore assume that there Avas such an increased acidity in our 
subject. Carlson [1916] has found that in man, acid in contact Avith 
the gastric mucosa acts reflexly to produce inhibition of the stomach 
only after a latent period of from tAVO to three minutes. Therefore, 
Ave conclude that the inhibitory effects obtained from the stomachs of 
our hypnotised subjects AAdien the eating of a “hypothetical meal” 
Avas suggested Avas due to a reflex mechanism initiated by the- increase 
of the aciditj"^ of the gastric juice. The acid stimulates afferent sensorj’^ 
nerve endings of the stomach mucosa causing a reflex, the efferent 
pathAvays of AA'hich are the branches of the splanchnic to the stomach. 

CONOLTISIONS. 

1. Hypnosis is valuable as an aid in scientiflc study since it permits 
the regulation of the number, kind, and intensity of stimuli used. 

2. The literature fails to teveal any animal in Avhich the so-called 
“Animal hypnosis” permits rapport. Therefore, animal studies are 
of little value in psychophysiology. This phase needs further study. 

3. Normal sleep does not diminish the height of the hunger 
contractions. 

4. The process of hypnotising a subject may diminish the strength 
of the hunger movements, but does not abolish them or change their 
rhythm. 

5. The effect of the suggestion of eating a hypnotic meal depends 
upon Avhere in the period of contraction the suggestion is made. 

(а) If the “meal” is suggested during the first tAvo-fifths of the 

hunger period there is a temporary inhibition of the gastric 
movements. When the suggestion is stopped the contractions 
return to normal vigour, and a normal incomplete tetanus 
ending may occur. 

(б) If the suggestions are continued into the second tAvo-fifths of 

the normal hunger period there is a complete cessation of 
gastric motility Avhich continues to a normal quiescent period. 

(c) We Avere unable to inhibit the stomach movements during the 
period of incomplete tetanus. 

6. We Avere not able to elicit any contractions during a period of 
quiescence. 

The authors Avish to express thanks to Mr. Harvey L. Frick for his 
splendid assistance, acting as operator and subject in part of these 
experiments. 
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THE VASOCONSTRICTOH ACTIVITY ACQUIRED BY DE- 
EIBRINATED BLOOD DURING PERFUSION OP THE 
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(Beit Memorial Research Fellow), E. B. Verney, and Marthe 
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{Received Jor publication Qlh December 1940.) 

In a recent paper [Verney and Vogt, 1938] report was made of the fact 
that when a loop of dog’s small intestine was perfused by one heart- 
lung preparation and a kidney by another heart-lung preparation, 
transposition of the kidney to the heart-lung-gut circuit was followed 
by a fall in the perfusion flow through the gut. Our object now is to 
describe experiments which, on the one hand, demonstrate the specific 
role played by the kidney in this phenomenon, and, on the other, 
discover certain characteristics of the response itself. 

Methods. 

The apparatus used in the majority of experiments was essentially 
that described by Canny, Verney, and Winton [1930] for the double 
heart-lung-kidney preparation (see fig. 1 of their paper). A few modi- 
fications proved necessary, partly to ensure constancy in the tempera- 
ture and pressure of the blood feeding the organs in spite of changes 
in circulation and variations in vascular tone consequent upon the 
sivitching of an organ from one circulation to the other, partly to provide 
for the perfusion of a third organ and for its transposition from one 
circulation to the other at will. The connexion between the arterial 
supplies to the organs and that between their venous returns were 
therefore immersed in the thermostat, and the organs were supported 
in jacketed funnels and protected from draught by pieces of cellophane. 
Moreover, the blood feeding the organs was sent through three coils 
instead of one before it reached the cannulse, thereby making one more 

^ Alfred Yarrow Research Fellow of Girton College. 
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modification necessary, since the resistance of the three coils -was so 
large that the arterial pressure as measured at the brachiocephalic 
cannula ceased to run parallel •ndth the perfusion pressure at the organ 
whenever the amount of tissue supplied by one heart-lung was changed, 
and rvith it the resistance to perfusion. Each perfusion cannula, 
therefore, was connected by a T-piece with one of a series of membrane 
manometers recording on a kymograph, and the changes in perfusion 
pressure which occurred when an organ was transposed from one 
circuit to the other were immediately compensated by appropriate 
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Via. 1. — Diagrams of the arterial supplies to, and venous returns from organs 
perfused by heart-lung preparations. Arterial blood from the one heart-lung 
(HLj) or the other heart-lung (HD,) passes in part through the variable peripheral 
resistance A to the venous reservoir, in part through the worming coil C to the 
arterial cannula D of the perfused organ. The venous blood from the organ 
drains from the funnel into the venous reservoir of the heart-lung. Circuit o: 
one organ is connected to the left, and another to the right arterial cannula. 
Either organ can be perfused separately by the heart-lung of the same side or, 
in parallel with the other organ, by either heart-lung. Circuit 6: two organs arc 
perfused by HL^, one by HE*. The interconnexions of the arterial supplies and 
venous returns allow the left and central organs to be perfused by HEj or, in 
parallel with the third organ, by either heart-lung. Circuit c: two organs are 
perfused by HEj, one by HE,. In addition to the possibilities presented by 
• circuit h, this circuit allows the central organ alone to be switched to and from 
HE,. The numerals 1 and 2, 3 and 4, 5 and 6 represent the positions in which 
clamps may be placed to eSeot the desired transfer of the perfused organ from 
one circuit to the other. 

adjustment of the peripheral resistances of the heart-lung preparations. 
Each membrane manometer, moreover, was connected in parallel ndth 
a mercury manometer of narrow bore whereby the actual pressure at 
the corresponding perfusion cannula was continuously revealed. 

In the course of our work we have used three types of circuit and 
these are shown diagrammatically in fig. I. On the left-hand side of 
this figure are given arterial and venous connexions which allow, on 
the one hand, the separate perfusion of each of two organs, and, on the 
other the transposition of one organ to the contralateral heart-lung 
and c'onseqnent perfusion in parallel with the other organ. Fig. 1, ^ 
hows a simple extension of this arrangement in that two organs 
^erfused in parallel are substituted for one in the circuit outlined in 
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fig. l,a. In fig. 1, c connexions for the perfusion of three organs are 
again given, but here the arterial supplies and venous returns are so 
arranged that in addition the central organ alone can be transposed 
from the left- to the right-hand heart-lung preparation and vice versa. 

The dogs used in our experiments were all ansesthetized with 
chloralose (0-11 g./kg. in sahne) injected directly into the malleolar 
vein; and freshly defibrinated dog’s blood filtered through four layers 
of fine muslin was used as the perfusate. The heart-lung preparations 
were made in the usual manner, and each was ventilated with warmed 
and moistened air by the respiration pump designed by Starling [1926], 
When the preparations had been completed, the systemic outputs were 
diverted to the contralateral venous reservoirs for some time to ensure 
adequate mixing of all the blood before the two circuits were separated 
preparatory to the connexion of the perfused organs. The left kidney 
was usually chosen for perfusion, and it was carefully freed from its 
peritoneal connexions before its rapid excision and attachment to the 
perfusion cannula. In order to obtain a loop of gut for perfusion, the 
superior mesenteric artery of another dog was dissected for a length of 
2 or 3 centimetres; and its branches, other than those supplying the 
selected segment of intestine, were cut between hgatures. The selected 
segment — a piece of jejunum 15 to 20 cm. long — ^was then freed from 
all connexion with the body, superior mesenteric vein and artery 
excepted, and its lumen washed with saline by means of glass tubes 
tied into the ends of the loop. Other tissues selected for perfusion 
were prepared in a similar way for transfer at appropriate times to the 
heart-lung circuits, the spleen being perfused through its main artery 
after ligation of all accessory vessels, the hind legs through the aorta 
after evisceration of the animal and cross-section of the vertebral 
column, the front leg through the axillary artery after disarticulation 
at the shoulder, and the forearm through the brachial artery after 
division of the humerus. When the artery leading to the organ selected 
for perfusion had been attached to its appropriate cannula, the venous 
efftuent was at first collected in a jar: only when the organ had been 
weR irrigated with the perfusate was the venous effluent allowed to 
flow back to the heart-lung reservoir. The volume of blood in each 
circuit lay between 0-5 and 1 litre, and to each circulation were added 
5 units of insulin with 5 g. glucose and, from and including the 
25th experiment, 1 mg. atropine sulphate. Experimental procedures 
other than those outlined above wiR be described in their- appropriate 
contexts. 

Results. 

When a kidney perfused by one heart-lung was switched to a second 
eart-lung by which a loop of smaU intestine was being perfused (see 
fig. l,a) vasoconstriction in the gut invariably ensued, the perfusion 



4 


O’Connor, Verney, and Vogt 


flow being reduced by 20 to 70 per cent, of the original rate (average 
reduction in 21 experiments,' 48 per cent.). Fig. 2 illustrates this 
phenomenon and the recovery of intestinal blood flow after the kidney 
had been returned to the first heart-lung. The onset of the constriction 
was rapid, usually noticeable within one to six minutes, and the maximal 
constriction was reached as a rule in 10 to 15 minutes; only occasion- 
ally (fig. 3) were longer exposures required before the lowest rate of 
blood-flow was attained. Further instances of this intestinal vaso- 
constriction may be seen in figs. 4, 5, 6, and 7, in this last figure only 
the constriction which occurred at G belonging to this series. In four 
of the experiments illustrated (figs. 2, 4, 5, and 6) the kidney was main- 
tained in perfusion-parallel with the gut for 11 to 17 min. only, and 
no appreciable relaxation of the gut vessels was observed during these 
periods. In the experiment illustrated by fig. 7, however, perfusion 
of the two organs in parallel was continued for 45 min. (from 2.26 to 
3.11 p.m.), and the rapid fall in rate of blood-flow through the gut was 
succeeded by a definite though partial recovery of flow while the gut 
was still being exposed to the eflduent blood from the kidney. To this 
phenomenon we propose to return later. 

In some experiments the renal artery of a freshly excised kidney 
was connected to a heart-lung circuit provided with arterial supply 
and venous return tubes as shown on the left-hand side of fig. 1, h. At 
the time when the kidney was connected, a loop of intestine was already 
being perfused and had been in the circuit for a period sufSciently 
long to allow its perfusion flow to recover appreciably from its initially 
low value. After the rejection of an amount of venous outflow from 
the kidney sufficient to ensure its adequate irrigation by the perfusate, 
the renal venous blood was allowed to drain into the heart-lung circuit. 
The effect of this procedure may be seen at A in fig. 7. The gut reacted 
by vasoconstriction, but a slightly longer time than in the foregoing 
experiments was needed for the reduction in flow to develop, probably 
because the blood-flow through the freshly connected Iddney may only 
slowly attain its full value. Moreover, in two other experiments 
conducted in the same way, even longer periods were needed for the 
vasoconstriction in the gut to become established. On the other 
hand, the interval between exposure and reaction of the gut vessels 
to the eflfiuent blood from the kidney becomes too small to be measured 
accurately if the gut is switched into the kidney-circuit, instead of the 
kidney into the gut-circuit (see fig. 10). This was done on seven 
occasions and the resultant reduction in flow ranged from 45 to 66 per 
cent the average reduction being 55 per cent. The essential difier- 
ence ’ therefore, between these results and those described earlier is in 
the speed of the response, rather than in its size. Before further 
alvsis of the intestinal response it was necessary to perform control 
eriments in order to establish whether or no, under similar perfusion 
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Fio. 2. — ^Experiment 12. Double heart-lung preparation, the perfusion circuits 
being as in fig. 1,0. Akidney is perfused by HL,, a loop of jejunum by HLj. At A 
the kidney, after having been perfused for 24 min. by HLi, is switched to HL., the 
venous blood from the kidney beginning to drain into this circuit at 3.54 p.m. At 
B the kidney is switched back to HLj. At A' the kidney is switched a second time 
to HLj. Before the period here recorded a forelimb had been switched from HLi 
to HLj without producing any vasoconstriction in the gut, and after 16 minutes’ 
perfusion in parallel with the gut the forelimb was returned to HLj. A kidney 
was then substituted tor the forelimb in the HLi circuit. Perfusion pressirro of 
both kidney and gut, 72 mm. Hg throughout. Left ordinate: perfusion flow 
through the gut in c.c./min.; right ordinate: perfusion flow through the kidney in 
e.c./rain. Abscissa: time in hours and minutes. Inset: perfusion circuits. 



Fio. 3.— Experiment 5. Double heart-lung preparation, the perfusion circuits 
being as in fig. l,a. A kidney is perfused by HLj, a loop of jejunum by HLj. 
At A the kidney, after having been perfused for 96 min. by HLi, is switched to HLj, 
mo venous blood from the kidney beginning to drain into this circuit at 5.01 p.m. 
At B the kidney is switched back to HLj. Perfusion pressure of both kidney and 
gut, 90 mm. Hg throughout. Ordinates and abscissa as in fig. 2, g.v. Inset: 
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flow being reduced by 20 to 70 per cent, of the original raie (average 
reduction in 21 experiments,' 48 per cent.). Fig. 2 illustrates this 
phenomenon and the recovery of intestinal blood flow after the kidney 
had been returned to the first heart-lung. The onset of the constriction 
was rapid, usually noticeable within one to six minutes, and the ma.ximal 
constriction was reached as a rule in 10 to 15 minutes; only occasion- 
ally (fig. 3) were longer exposures required before the lowest rate of 
blood-flow was attained. Further instances of this intestinal vaso- 
constriction may be seen in figs. 4, 5, 6, and 7, in this last figure only 
the constriction which occurred at C belonging to this series. In four 
of the experiments illustrated (figs. 2, 4, 5, and 6) the kidney was main- 
tained in perfusion-parallel with the gut for 11 to 17 min. only, and 
no appreciable relaxation of the gut vessels was observed during these 
periods. In the experiment illustrated by fig. 7, however, perfusion 
of the two organs in parallel was continued for 45 min. (from 2.26 to 
3.11 p.m.), and the rapid fall in rate of blood-flow through the gut vas 
succeeded by a definite though partial recovery of flow while the gut 
w’as still being exposed to the eflduent blood from the kidney. To this 
phenomenon we propose to return later. 

In some experiments the renal artery of a freshly excised kidney 
was connected to a heart-lung circuit provided with arterial supply 
and venous return tubes as shown on the left-hand side of fig. 1, 
the time when the kidney was connected, a loop of intestine was already 
being perfused and had been in the circuit for a period sufficiently 
long to allow its perfusion flow to recover appreciably from its initially 
low value. After the rejection of an amount of venous outflow from 
the kidney sufficient to ensure its adequate irrigation by the perfusate, 
the renal venous blood was allowed to drain into the heart-lung circuit. 
The effect of this procedure may be seen at A in fig. 7. The gut reacted 
by vasoconstriction, but a slightly longer time than in the foregoing 
experiments was needed for the reduction in flow to develop, probably 
because the blood-flow through the freshly connected kidney may only 
slowly attain its full value. Moreover, in two other experiments 
conducted in the same way, even longer periods were needed for the 
vasoconstriction in the gut to become established. On the other 
hand, the interval between exposure and reaction of the gut vessels 
to the effluent blood from the kidney becomes too small to be measured 
accurately if the gut is switched into the kidney-circuit, instead of the 
kidney into the gut-circuit (see fig. 10). This was done on seven 
occasions and the resultant reduction in flow ranged from 45 to 66 per 
cent., the average reduction being 65 per cent. The essential differ- 
ence therefore, between these results and those described earlier is in 
the speed of the response, rather than in its size. Before further 
analysis of the intestinal response it was necessary to perform control 
experiments in order to establish whether or no, under similar perfusion 
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was obtained in all these organs, but the responses were smaller and 
more sluggish than those of the jejunal vessels. 

The fact having thus been established that blood leaving a perfused 
kidney contains a substance or substances which constrict the blood- 
vessels of other organs, in particular of the jejunum, it seemed to us 
that the properties of this substance and the conditions of its production 
or liberation could best be determined through some method of bio- 
logical assay. Our first step, therefore, was to compare the effects of 
repeated exposure of the perfused gut to the renal substance, but in 
the aim by such means to find a method of assay we failed. The 
reason for this, as will appear in the results of experiments now to be 
described, was the failure of the gut to respond to a second exposure. 

We began by transposing a kidney which had for some time been 
perfused by a heart-lung preparation, to a second heart-lung by which 
a loop of gut was being perfused (fig. 1, a) : the usual vasoconstriction in 
the gut was observed. After a short exposure of the gut to the effluent 
blood from the kidney, the kidney was switched back to its own heart- 
lung and the relaxation of the gut vessels awaited : the interval needed 
ranged from 63 to 130 min. The kidney was then again switched 
to the gut circuit, but never was vasoconstriction observed to follow 
this manoeuvre (see A', fig. 2). In the belief that the relaxation of the 
gut vessels after their first exposure to the effluent blood from the 
kidney was due to the gradual destruction of the vasoconstrictor sub- 
stance in the heart-lung-gut circuit, we attributed the absence of 
response of the gut vessels to a second exposure to damage of either 
gut or Iddney during long periods of perfusion ; so in order to discover, 
under such conditions, whether the gut vessels lost their responsiveness 
or the kidney ceased to produce a vasoconstrictor substance, an “old” 
loop of intestine was exposed to the effluent blood of a fresh kidney on 
the one hand, and a fresh loop of intestine to the effluent blood of an 
“old” kidney on the other. Two experiments will illustrate the 
results of these procedures. In the one experiment, that to which 
fig. 5 relates, the arrangement of the arterial supplies and venous returns 
was as shown in fig. l,a. The absence of a vasoconstrictor response 
when the perfused kidney was switched a second time (at 2.26 p.m.) 
into the heart-lung-gut circuit is well seen. The kidney was then 
switched back to its own heart-lung circuit and replaced by a kidney 
freshly excised from another animal. When at 3) (3.19 p.m.) this 
second kidney was transposed to the heart-lung-gut circuit, the gut 
Vessels again failed to constrict. At 4.04 p.m. the loop of intestine was 
replaced by another, and exposure of this an hour later (5.02 p.m.) to 
the effluent blood from the kidney failed, too, to induce a fall in its 
perfusion flow. In the other experiment, the results of which are given 
yn fig. 6, the arrangement of the arterial supplies and venous returns 
|\vas that shown in fig. 1, b, and the order of renewal of the organs was 
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conditions, organs other than the hidney liberated vasoconstrictor 
substances, and vessels other than those of the intestine were susceptible 
to them. 

The substitution of the kidney by the spleen, by the hind legs or 
by a single forelimb of the dog in experiments conducted otherwise 
in the same way as those just described, did not produce constriction 
of intestinal vessels. An instance of this is given in fig. 4. In the 



Fig. 4. — Experiment 11. Double heart-lung preparation, the perfusion circuits 
being as in fig. 1, “• A forelimb, and later a kidney, is perfused by HI-i, a loop of 
ieiunum by BXj . At A the forelirob is switched to HL„ the venous blood from the 
limb beginning to drain into this circuit at 2.15 p.m. At B the limb is switched 
back to HL,. C is a period of 30 ram. during which the limb is removed and 
replaced by a kidney. At D the kidney is switched to HL., the venous blood 
from the kidney beginning to drain into this circuit at 3.10 p.m. At E the kidney 
is switched back to HLi. Perfusion pressure of gut, foreh'mb and kidney circa 
85 mm. Hg. Ordinate: perfusion flow of gut, forelimb and kidney. Abscissa: 
time in hours and minutes. Inset: perfusion circuits. 


experiment to which this figure relates a forelimb was perfused by the 
one heart-lung, a loop of gut by the other, the arrangement of the 
arterial suppbes and venous returns being as shown in fig. 1, a. At 
2 15pm the limb was switched into the heart-lung-gut circuit : no 
vasoconstriction in the gut ensued. When, 55 minutes later, a kidney 
was switched ‘in the same way into the heart-lung-gut circuit, a rapid 
d strong constriction occurred in the vessels of this same loop of 
f ° Lack of responsiveness by the vessels could not, therefore, 
intestine. absence of constriction when the effluent blood from 

accoUn reaching them. Investigation of the effect of effluent 

the forehm jddney on organs other than the gut has been limited 
blood irom pieces of large intestine; vasoconstriction 
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reversed. During the period of relaxation of the gut vessels from the 
effects of their first exposure to the effluent blood from the kidney, a 
fresldy excised loop of gut Avas connected to the free cannula of the 
heart-lung which was already supplying the other loop. When (at 
2.42 p.m.) the Iddney Avas SAvitched to the heart-lung by Avhich both 
loops of intestine were being perfused, small diminutions in blood-floAv 
through the loops were recorded, but these Avere probably entirely due 
to the necessity of loAvering the perfusion pressure from 72 to 70 mm. Hg 
after the kidney had been SAvitched into perfusion-parallel with the 
loops. For the remainder of the experiment the perfusion pressure 
was maintained at 69 mm. At 2.59 p.m. the kidney, after having been 
returned to its own heart-lung, was removed, and at 3.16 p.m. a kidney 
freshly excised from another animal Avas connected in its place. When 
16 minutes later this kidney was sAvitched into perfusion-parallel with 
the two loops of intestine no vasoconstriction was observed in either 
loop. We found, hoAvever (see later, p. 11), that the period of per- 
fusion of either kidney or gut before the initial exposure of the gut 
to the effluent blood from the kidney did not affect the response to this 
exposure, except that slight sluggishness in its course was noticeable 
if the period of gut-perfusion were extended to many hours. It thus 
became clear that the failure of a second response by the gut vessels 
lay not Avith the “age” of either gut or kidney, but Avith some change 
in the gut vessels resulting from their first exposure to the renal 
substance, and that in the experiments to which figs. 5 and 6 relate, 
the failure of the second loop of gut to respond by vasoconstriction 
when the kidney was first sAvitched into perfusion-paraUel with it 
(G, fig. 5; D, fig. 6) Avas associated Avith the introduction of this loop 
into a circuit still contaminated with renal vasoconstrictor substance. 

The results recorded in figs. 5 and 6 are, then, inconsistent AArith the 
view that the relaxation of the gut vessels after their first exposure to 
the effluent blood from the kidney is due simply to the gradual destruc- 
tion of the renal vasoconstrictor substance in the heart-lung-gut circuit, 
but find concordant interpretation in the assumption that a single 
exposure of a loop of intestine to blood which has perfused the kidney 
is sufficient to produce in the gut a persistent vascular refractoriness. 
The gut vessels Avould thus become unresponsive to perfusion in parallel 
not only Avith the originally active but also Avith any freshly excised 
kidney. If this assumption be correct, the intestinal vessels should, 
after their initial constriction, relax while the kidney is retained in 
perfusion-parallel Avith the gut and is still liberating the vasoconstrictor 
substance. That this is indeed the case is shown by the results recorded 
in fig. 7. In this experiment the arrangement of the arterial supplies 
and venous returns Avas that shoAra in fig. 1 , 6. Perfusion of the kidney 
and gut in parallel began at 12.46 p.m., and was not interrupted till 
an hour and forty minutes later. Twenty-eight minutes, however. 



O’Connor, Verney, and Vogt 



Fio. 6. — Experiment 25. Double heart-lung preparation, the perfusion circuits 
being as in fig. 1, a. A kidney ia perfused by HL,, n loop of jejunum by HL,. At 
A the kidney, after having been perfused for 20 min. by HL,, is switched to HJj,, 
the venous blood from the kidney beginning to drain into this circuit at 1.00 p.m. 
At B the kidney is switched back to HE,. At A' the kidney is again switched to 
HX,, at B' returned again to HL,, and then removed. At C a fresh kidney is 
connected to HLj, and at D this kidney is switched to HE,, the venous blood from 
the kidney beginning to drain into this circuit at 3.19 p.m. At E the kidney is 
switched back to HE,. F is an interval of 66J min. during which the loop of gut 
is removed and a fresh loop prepared in a newly anassthetised animal. This loop 
is connected to BUL, et 4.04 p.m. At G the kidney is switched to BXj, the venous 
blood from the kidney beginning to drain into this circuit at 5.02 p.m. At H 
the kidney is switched back to HLj. The perfusion pressure of gut and kidney 
till 2.40 p.m. was 74 mm. Hgj from 2.40 p.m. it was 72 mm. Hg. Ordinates and 
abscissa as in fig. 2, g.v. Inset: perfusion circuits. 
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Pj( 3 _ 6. — ^Experiment 20. Double heart-lung preparation, the perfusion circuits 
being as in fig- 1, 5- A kidney is perfused by HE,, a loop of jejunum by HE,. At 
A the kidney, after having been perfused for 20 min. by HL„ is switched to HE,, 
the venous blood from the kidney beginning to drain into this circuit at 12.45 p.m. 
At B the kidaey is switched back to HE,. At C a second (additional) loop of 
ieiunum is connected to At D the kidney is switched to HE,, the venous 

blood from the kidney beginning to drain into this oircuit at 2.42 p.m. At E the 
Iddnev after having bean switched back to HE,, is removed. At F a second 
kidnev is connected to HL„ and at G this kidney is switched to HE,, the venous 
Wnod^from the kidney beginning to drain into this circuit at 3.32 p.m. At 
oil n m the perfusion pressure of the two loops of intestine was lowered from 
VO to 70 mm Hg. Eeft ordinate: perfusion flow of G, and G, in c.c./min. ; right 
iiiloates- T,erfi5ionfiowofK,BndofK,inc.c./niin. Abscissa: time in hours and 
ormnaies. minutes. Inset: perfusion circuits. 
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is shown by the fact that when at 4.00 p.m. the kidney was again 
transposed to this circuit, no constriction of the intestinal vessels 
ensued. In another and similarly conducted experiment, vasoconstric- 
tion in a loop of gut was observed when a kidney hitherto perfused 
for as long as two hours and fifty minutes was transferred to the heart- 
lung-gut circuit. In the light of these findings, therefore, the irrespon- 
siveness seen in figs. 5 and 6 of fresh loops of intestine to exposure to 
the renal effluent blood, finds reasonable interpretation in these loops 
having been connected with heart-lung circuits the blood of which was 
already contaminated by undestroyed constrictor substance from the 
kidney. 

The experiment to Avhich fig. 7 relates proves that prolonged per- 
fusion of the kidney causes no appreciable decline in the constrictor 
effect of its venous outflow. Similarly, we have found that the "age” 
of the gut, i.e. the period of its perfusion, is equally unimportant in 
determining the response of its vessels. For example, in one experi- 
ment a large vasoconstrictor response was obtained in a loop of gut at 
its first connexion with the heart-lung-kidney circuit 4 hr. 40 min. from 
the beginning of its perfusion. 

The conclusion to which our experiments have now led, is that the 
absence of a constrictor response by the intestinal vessels to their 
second exposure to the effluent blood from the kidney is determined 
not by a decline with age either in the production of constrictor substance 
by the kidney or in the responsiveness of gut vessels to it, but by a 
refractoriness contingent upon an earlier reaction between this sub- 
stance and the contractile elements of the perfused vessels. The 
validity of this conclusion, derived from the association of results of 
several experiments, can be established or refuted only by an arrange- 
ment whereby three separate circuits are used, the first to perfuse one 
loop of gut, the second to perfuse another, and the third to perfuse a 
kidney. Suitable interconnecting tubes between the arterial supplies 
and venous returns of the three perfused organs wiU then permit the 
kidney to be switched in the first place into the circuit feeding one 
loop of gut, and later into that feeding the two loops of gut, the first 
loop having in the meantime been switched into the circuit feeding the 
second loop of gut. For this purpose an apparatus was assembled in 
which the heart-lung preparations of the previous experiments were 
replaced by three pump-lung circuits. A plan of the requisite apparatus 
immersed in a thermostat is given in fig. 8. 

systemic (1, 3, 5) and a pulmonary {2, 4, 6) pump are used for each 
circuit, and the corresponding venous reservoirs are shown in the figure at 
a, c, e and b,d, f. The six pumps [Dale and Schuster, 1928] are screwed in 
Wo rows to the table beneath the thermostat and are driven by a single motor. 
Each IS connected by brass tubing through the bottom of the tank with its 
corresponmng glass compression chamber. The temperature of the water in 
the bath la maintained uniform and constant by two stirring vanes and two 
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after the onset of exposure of the gut to the venous effluent from the 
fadney , relaxation of the gut vessels set in, and during the succeeding 
hour the gut-flow increased to reach a figure larger even than the initial 
value. Meanwhile (at 1.55 p.m.) a fresh loop of intestine had been 
connected to heart-lung 2, and stress must be laid on the fact that, in 
contrast with the experiments of figs. 5 and 6, the circuit to which the 
new loop of gut was connected had remained throughout completely 



Ro. 7.^ Experiment 28. Double heart-lung preparation, the perfusion circuits 
being as m fig. 1, b. A loop of jejunum is perfused by HL., and at A a kidney is 
attached to the free cannula of this circuit. At B a second loop of jejunum is 
connected to HL,. At C the kidney is switched to HL„ the arterial supply and 
venous return tubes of the first loop of gut having been previously clamped; and 
the venous blood from the kidney begins to drain into the HL, circuit at 2.26 p.m. 

At D the kidney is switched back to HL,. E is a period of 34 minutes, during 
which most of the blood in HL, is replaced by freshly defibrinated blood. This, 
as is usual, is followed by an evanescent intestinal vasoconstriction, the recovery 
from which is shown. At F the kidney is again switched to HL,. the venous 
blood from the kidney begmning to drain into this circuit at 3.59 p.m. Perfusion 
pressure, 80 mm. Hg throughout. Left ordinate : perfusion flow through the first 
and second loops of gut m c.c./min.; right ordinate: perfusion flow through the 
kidney in c.c./min. Abscissa: time in hours and minutes. Inset: perfusion 

circuits. 

uncontaminated by effluent blood from the kidney. At 2.26 the kidney 
was switched over to this heart-lung-gut circuit: the ensuing strong 
and rapid vasoconstriction showed that the kidney was able then to 
liberate the vasoconstrictor principle in as effective an amount as an 
hour and forty minutes earlier. Exposure of this second loop of intestine 
to the kidney extended over a period of 45 minutes: the gut vessels, 
after their initial constriction, began to relax within 14 minutes, and the 
blood-flow had recovered to more than half its original value within 
30 minutes of the initial exposure of the gut to the renal effluent blood. 
The kidney was then returned to heart-lung 1 circuit, and most of the 
blood in heart-lung 2 circuit was replaced by defibrinated blood from 
a newly bled animal. The failure of this manoeuvre to abolish the 
refractoriness of the gut vessels to the renal vasoconstrictor principle 
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is shown by the fact that when at 4.00 p.m. the kidney was again 
transposed to this circuit, no constriction of the intestinal vessels 
ensued. In another and similarly conducted experiment, vasoconstric- 
tion in a loop of gut was observed when a Iddney hitherto perfused 
for as long as two hours and fifty minutes was transferred to the heart- 
lung-gut circuit. In the light of these findings, therefore, the irrespon- 
siveness seen in figs. 5 and 6 of fresh loops of intestine to exposure to 
the renal effluent blood, finds reasonable interpretation in these loops 
having been connected with heart-lung circuits the blood of which was 
already contaminated by undestroyed constrictor substance from the 
kidney. 

The experiment to which fig. 7 relates proves that prolonged per- 
fusion of the kidney causes no appreciable decline in the constrictor 
effect of its venous outflow. Similarly, we have found that the “age” 
of the gut, i.e. the period of its perfusion, is equally unimportant in 
determining the response of its vessels. For example, in one experi- 
ment a large vasoconstrictor response was obtained in a loop of gut at 
its first connexion with the heart-lung-kidney circuit 4 hr. 40 min. from 
the beginning of its perfusion. 

The conclusion to which our experiments have now led, is that the 
absence of a constrictor response by the intestinal vessels to their 
second exposure to the effluent blood from the kidney is determined 
not by a decline with age either in the production of constrictor substance 
by the kidney or in the responsiveness of gut vessels to it, but by a 
refractoriness contingent upon an earlier reaction between this sub- 
stance and the contractile elements of the perfused vessels. The 
validity of this conclusion, derived from the association of results of 
several experiments, can be established or refuted only by an arrange- 
ment whereby three separate circuits are used, the first to perfuse one 
loop of gut, the second to perfuse another, and the third to perfuse a 
kidney. Suitable interconnecting tubes between the arterial supplies 
and venous returns of the three perfused organs will then permit the 
kidney to be switched in the first place into the circuit feeding one 
loop of gut, and later into that feeding the two loops of gut, the first 
loop having in the meantime been switched into the circuit feeding the 
second loop of gut. For this purpose an apparatus was assembled in 
which the heart-lung preparations of the previous experiments were 
replaced by three pump-lung circuits. A plan of the requisite apparatus 
immersed in a thermostat is given in fig. 8. 

A systemic (1, 3, 5) and a pulmonary (2, 4, 6) pump are used for each 
circuit, and the corresponding venous reservoirs are shown in the figure at 
a, c, e and b, d, f. The six pumps [Dale and Schuster, 1928] are screwed in 
Wo rows to the table beneath the thermostat and are driven by a single motor. 
Each is connected by brass tubing through the bottom of the tank with its 
corr^pon^g glass compression chamber. The temperatme of the water in 
the hath is maintained uniform and constant by two stirring vanes and two 
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hot points, the latter being controlled through series resistances. The oxygen- 
ated blood of each circuit divides between a variable resistance (A) and a 



Fig. 8. — Triple pump-lung perfusion system. The figure is a diagrammatic plan 
of the thermostat and its contents. 1—6 represent the compression chambers of 
six Dale-Schuster pumps, the valves of which are indicated in the tubes leading to 
and from the compression chambers, a, c, and e are the systemic reservoirs; 

6, df and f the pulmonary. Blood from the lungs drains into the systemic 
reservoir through the tubes V, and blood from the perfused organs drains into the 
pulmonary reservoirs through tlie tubes F, The tubes L are connected with the 
pulmonary arterial cannulre, the tubes C with the arterial cannulfe of the perfused 
organs. The systemic variable resistances are shown at A, the warming coils at 
B, and the interconnexions between the pulmonary and systemic reser\'^oirs of 
each circuit are shoT\*n at T. The oblique tubes 17, 18, 19, and 20 allow the blood 
in the three circuits to be adequately mixed: these tubes are closed before the 
kidney is connected. Each of the two small tubes 16 and 16 is opened when the 
organ perfused by its respective circuit is transposed temporarily to another: 
stagnation of blood in the coils B is thereby prevented. Bubble traps on the 
course of the venous return tubes from the funnels supporting the perfused organs 
are shown at B, and indicators of the level of blood in the pulmonary reservoirs 
are shown at B. The tubes M lead to three mercury manometers. An air- 
cushion (not indicated in the figime) is inserted between the systemic pump and 
variable resistance (A) of each circuit. When the clamps 7, 11, 9, and 13 are 
closed the three circuits are ent^ly separate. The transfer of clamp 7 to 
position 8 and of clamp 11 to position 12 transposes the organ perfused by the 
left-hand circuit to perfusion-parallel with that perfused by the central circuit; 
the transfer of clamp 9 to position 10 and of clamp 13 to position 14 transposes the 
orcan perfused by the central circuit to perfusion-parallel with that perfused by 
the right-hand circuit. A^^en both trai^fers are made all three organs are 
Tifirfused in parallel by the right-hand circuit. Muslin filters are suspended in the 
necks of the systemic reservoirs a, c, and e. 

mine coil (D) through which it is conducted to the arterial cannula of the 
^Tga,n supported in a jacketed funnel outside the thermostat. A mercury 
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manometer is connected by a tube (M) with the high pressure side of each variable 
resistance (A), and the actual pressure at each of the perfusion cannuise is 
disclosed by attacliing its lateral limb to a recording membrane manometer. 
The blood leaving the organ and that passing through the variable resistance 
drain into the pulmonary reservoir (i, d, f) whence the blood is pumped into 
the pulmonary artery of one of three separate lungs. The lung is prepared 
for perfusion by bleeding a chloralosed dog, tying cannulae into the pulmonary 
artery and left auricle, inserting a tracheal cannula, ligating one lung at its 
root and irrigating the other with defibrinated blood. The thorax is then 
isolated and transferred to a chamber which is later sealed by a plate glass lid 
for the purpose of negative pressure ventilation. 

The method of negative pressure ventilation is essentially that described 
by Daly and Thorpe [1930] (see also Berry and Daly [1931]). The chamber is 
connected with a “vacuum cleaner,” and rhythmic changes in negative pressure 
are produced by a valve consisting of a piston which slides up and down an 
open brass cylinder fitted with a side hole leading directly into the chamber, 
which is thus opened intermittently to the exterior. The three pistons are 
coimected to a crank shaft which revolves at a frequency of 17 per min., and 
the variations in pressure within each chamber are revealed by a water mano- 
meter, and controlled by the adjustment of a screw chp on a wide rubber tube 
leading from the outside to the inside of the chamber. The air within is 
moistened by the introduction of steam, and warmed by a carbon lamp which 
is controlled by a variable resistance in series with it. 

The pulmonary arterial and left auricular cannuise are connected through 
the wall of the chamber with the pulmonary supply (L) and return (V) tubes 
of the perfusion circuit, this having meanwhile been ffled with defibrinated 
blood. The chamber is then sealed with the glass lid and the lung rhythmically 
ventilated. The blood leaving the lung passes a muslin filter in the neck of 
the systemic reservoir, whereby the risk of small clots gaining access to the 
systemic circuit from incompleteness in initial irrigation of the lung is avoided. 
The output of the pulmonary pump is adjusted to be in excess of that of the 
systemic, the wide connexion (T, fig. 8) between the pulmonary and systemic 
reservoirs of each circuit preventing the banking of blood in the latter. 

The connexions between the arterial supplies and venous returns 
of the perfused organs are as shoAvn in the figure, and a small shunt 
(16, 16, fig. 8) branches from the distal end of the left and of the central 
warming coil to the corresponding pulmonary reservoir : thig is opened 
while the organ normally fed by that circuit is temporarily connected 
with another, and stagnation of blood in the warming coil is thereby 
prevented. Before the organs are connected, the blood of the three 
pump-lung circuits is thoroughly mixed by diverting the blood from the 
lung in the left circuit (fig. 8) to the systemic reservoir of the central 
circuit and vice versa, and following this by a similar procedure with 
the central and right circuits. The blood contents of the three circuits 
are then adjusted so that that of the right is greater than, and that 
of the left less than that of the central circuit, since during the experi- 
ment blood will be drained once from the central to the left circuit, 
once from the right to the central, and once from the right to the left 
circuit. The circuits are now separated by allorving the blood from 
each lung to drain into its corresponding systemic reservoir and by 
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closing the interconnexions of the arterial supply tubes to the perfusion 
cannulas and those of the venous return tubes from the jacketed 
funnels. 

In the experiment illustrated by fig. 9, this stage was reached at 
3.16 p.m. At 3.22 a loop of gut (Gj) was connected to the right circuit, 



Fio. 9. — Triple pump-lung preparation. One loop of jejunum (Gi) is perfused 
by the right-hand circuit, a second loop (Gj) by the central and a kidney by the 
left-hand circuit (see fig. 8). At A the kidney is switched to the central circuit, 
the venous hlood from the kidney beginning to drain into this circuit at 6.31 p-m. 
At B the kidney is switched back to the left-hand circuit. At C the loop of gut 
Gj is switched from the central to the right-hand circuit, the venous blood from 
the loop beginning to drain into this circuit at C.63 p.m. At D the kidney is 
switched to the right-hand circuit, the venous blood from the kidney beginning 
to drain into this circuit at 7,25 p.m. : all three organs are now being perfused in 
parallel by the right-hand circuit. Perfusion pressure 91 mm. Hg throughout. 
1 mg. atropine sulphate was added to each circuit before the organs were con- 
nected. Left ordinates: perfusion flow of Gj and G. in c.c./min. ; right ordinate: 
perfusion flow of kidney in c.c./min. Abscissa: time in hours and minutes. 


at 4.17 a second loop (Gj) was connected to the central, and at 4.25 p.m. 
a kidney was connected to the left circuit. When the blood-flow 
tlirough the “younger” gut (Ga) was fairty steady, the kidney was 
transposed to the central circuit by moving the clamp shown at 11 
(fig. 8) to the position 12, and, after a period Avhich allowed washing 
of the renal vascular bed with more than 100 c.c. of blood, the clamp 
shown at 7 was transferred to position 8 on the venous return to the 
left circuit. The renal effluent blood was now flowing into the central 
circuit (A, fig. 9). Vasoconstriction in the gut ensued, and, as will he 
seen in the figure, this was evident five minutes after the kidney was 
transposed to the circuit, and was maximal twenty minutes later. The 
mit vessels then gradually relaxed while the kidney was retained in 
the circuit. The course of the reaction of these vessels to the effluent 
hlood from the kidney is thus the same with pump-lung as with heart- 
1 ne -preparations. When the vessels of the gut (Gn) had relaxed 
^ ^hat the kidney was returned to its original circuit, and four 
. i fai- a 631 the eut was transposed to the right-hand circuit 
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plished by moving the clamp shovm at 13 (fig. 8) to the position 14, 
and, after a thorough washing of the vascular bed of the gut by un- 
contaminated blood in the right-hand circuit, the venous effluent was 
diverted to this circuit by transferring the clamp shown at 9 (fig. 8) 
to the position 10. Perfusion of the two loops of gut by this circuit 
was continued until the “younger” gut (Gj) was exhibiting approxi- 
’mately the same perfusion flow as at the beginning of the experiment; 
the kidney was then transposed to the same circuit by again moving 
the clamp at 11 (fig. 8) to position 12 and, a little later, the clamp at 7 
to position 8. The “older” (Gj) and the “younger” gut (Gg) were thus 
exposed almost simultaneously to the effluent blood from the kidney: 
there was no response by the vessels of the latter (G 2 ) which had been 
exposed once before to the renal vasoconstrictor substance, whereas 
those of the former (Gi) constricted to such a degree that the percentage 
fall in perfusion flow was approximately the same as that given by the 
“younger” gut (G 2 ) at its first exposure nearly two hours earlier. The 
circulating blood volumes were approximately equal when the two 
exposures were made. The conclusions, therefore, are obligatory, first 
that the kidney liberates a vasoconstrictor substance continuously 
during long periods of perfusion; second, that prolonged perfusion does 
not in itself appreciably affect the responsiveness of the intestinal 
vessels to this substance; and third, that exposure of these vessels 
to the vasoconstrictor substance produces in them a persistent refractori- 
ness to it. This refractoriness is expressed both in the failure of the gut- 
vessels to respond to a second exposure and in their relaxation during 
prolonged exposure. 

Now the establishment of these facts allows certain deductions to be 
drawn with regard to the stability of the vasoconstrictor substance in 
defibrinated blood. At E in fig. 6 (3.40 p.m.) the kidney was switched 
out of the gut circuit, and 24 minutes later (at 4.04 p.m.) a fresh loop 
of gut was substituted for the old. The fact that this fresh loop was 
found to be refractory Avhen tested an hour later shows that the renal 
substance must still have been present in the blood of the gut circuit 
at least 24 minutes after its source of supply had been withdrawn. 
Again, at B in fig. 6 (1.01 p.m.) the kidney was switched out of the gut 
circuit, and 45 minutes later (at 1.46 p.m.) a fresh loop of gut {G.) was 
connected to the same circuit. This loop, as we have already seen, 
was refractory when, at 2.42 p.m., the test was made. The blood of 
the gut circuit therefore must, in this instance, have contained the renal 
substance at least 46 minutes after its source of supply had been Avith- 
drawn, and at a time when the blood-flow through the first loop of gut 
(C, fig. 6) had recovered to a value which was only 16 per cent, less than 
the original rate. 

The experiment illustrated in fig. 9 shows, in addition to the points 
already made, that the refractory state, if fully developed, cannot be 
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eluted by irrigation of the gut-vessels with blood completely uncon- 
taminated with effluent blood from the kidney. A few experiments 
have therefore been conducted with a view, first, to ascertaining 
whether the same holds for short exposure to the renal effluent, and, 
second, to tracing the development of the refractory state during the 
exposure. In these experiments, contrary to the procedure usually 
adopted, the gut was s^vitched to and from the Iddney circuit, thereby’ 
being exposed suddenly to a high concentration of renal substance but 
for a fully controlled and strictly delimited period. In two such experi- 
ments (heart-lungs were used as the perfusion systems) the arrangement 
of the arterial supplies and venous returns was that given in fig. 1, a. 
When the loop of jejunum was switched into the kidney circuit, pre- 
cautions were taken, by transferring the venous return clamp before 
the arterial supply clamp, to prevent any blood in the kidney circuit 
from draining into the gut circuit. The response of the gut was sharp 
and rapid. In the one experiment, after 14 minutes’ perfusion in 
parallel and at a time when the maximal degree of constriction had 
already been passed, the gut was switched back to its own heart-lung, 
and on this occasion the arterial supply clamp was transferred before 
the venous return clamp, an interval of some minutes being allowed to 
elapse between these manoeuvres to ensure that none of the blood in 
the heart-lung-kidney circuit reached the heart-lung-gut circuit. After 
73 minutes’ perfusion in its own circuit with blood uncontaminated by 
renal effluent, the loop was again switched to the heart-lung-kidney 
circuit: no vasoconstrictor response was obtained. In the other 
experiment a similar procedure was adopted : the first response to renal 
substance was a reduction in perfusion flow by 40 per cent, of the 
original rate; the exposure continued for 23 minutes, during the last 
eight of which the gut flow was not appreciably changed; after 26 
minutes’ perfusion of the gut in the uncontaminated heart-lung circuit 
a second exposure gave a reduction of 10 per cent, only, and no effect 
was seen at a third trial after an interval of another 43 minutes. These 
results suggested to us that the refractoriness of the gut-vessels became 
absolute, and incapable of dislodgment by prolonged washing with 
blood completely free from renal effluent, at some time during the 
plateau of maximal vasoconstriction. If, however, the exposure is 
terminated before the vessels are maximally constricted, a partial 
refractoriness is detectable by exposing them a second time to the 
substance liberated by the kidney, as the following experiment shows. 
The circuit was that outlined in fig. 1, c, and the results of the experiment 
given in fig. 10- Two loops of intestine were dissected; the first 
was connected to heart-lung 1 at 1.32 p.m., the second (Go) to the 
^ heart-lung at 1.50. At 2.13 a kidney was connected to heart- 
same ^ At 2.48 the “younger” gut only (G^) was transposed to the 
1 ng-kidney circuit for a period of 11 minutes, and then returned 
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to heart-lung 1 by an appropriate transfer of its arterial clamp, the 
transfer of the venous clamp being delayed for a further four minutes 
to ensure that heart-lung 1 remained uncontaminated by blood from the 
kidney circuit. As is seen in fig. 10, a constriction of the gut-vessels 



Fio. 10. — ^Ejcperiment 33. Double heart-lung preparation, the perfusion 
circuits being as in fig. 1, c. One loop of jejunum (Gj) is perfused through the 
left-hand cannula of HXij, a second loop (Gj) through the remaining cannula of 
HLj. A kidney is perfused by HLj, At Gj the second loop of jej unum is switched 
to HLj. At A the arterial cannula of Gj is switched back to HLi, and at V the 
venous return of Gi is switched back to HLi- At G^+j both loops of jejunum 
are switched to HLj. At A' the arterial cannulas of both loops are switched back to 
HLj, and at V' the venous returns of both loops are switched back to HLi- 
Perfusion pressure 65 mm. Hg throughout. Left ordinate: perfusion flow 
through each loop of gut in c.c./min.; right ordinate: perfusion flow through 
kidney in c.c./min. Abscissa: time in hours and minutes. Inset: perfusion 

circuits. 


occurred, large and almost instantaneous at tbe beginning of, and 
progressive during, the period of their exposure, to be followed by 
rapid and complete relaxation when the gut was returned to its original 
circuit. At 3.22 p.m., Gj and G^ were together switched into the 
kidney circuit; the “older” (G^) responded just as rapidly and with a 
similar percentage reduction in flow as had the “younger” (Gj) before, 
the constriction of its vessels being also progressive during the period 
of exposure. Not so G 2 : although its vessels constricted almost as 
well as at their first exposure, relaxation began while the gut was still 
in the heart-lung-kidney circuit, an indication that a state of partial 
refractoriness had developed during the first exposure and was augment- 
ing at the time of the second. 

VOL. XXXI., KO, 3,-1941. 
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We thought it desirable to test the possibility of the lungs playing 
an essential role in the formation of the vasoconstrictor substance, and 
to this end a system involving the left and central circuits of fig. 8 was 
used, two oxygenators of the Hooker [1915] type being substituted for 
the lung and lung-boxes there employed for oxygenating the blood. In 
each oxygenator the surface on to which the blood was spread was that 
of a cylinder 51 cm. high and 25 cm. in diameter, and the oxygen, passing 
through warm water on its way to the cylinders, was kept at a tempera- 
ture of 37° as it entered them. When the circuits had been filled with 
defibrinated blood, this was driven into the oxygenators by the 
“pulmonary” pumps 2 and 4 (fig. 8) whence it flowed by gravity into 
the systemic reservoirs a and c. As in the experiment illustrated by 
fig. 9, the outputs of the “pulmonary” pumps were adjusted to be in 
excess of those of the systemic. A loop of intestine and a kidney were 
now dissected and perfused each by a separate circuit. Owing to the 
high vasotonin content of the blood in the absence of the lungs [Eich- 
holtz and Verney, 1924], the blood-flows through kidney and gut were 
small (12'0 c.c. and 20-6 c.c./noin. respectively at a perfusion pressure 
of 119 mm. Hg); but when the kidney was transferred to the gut 
circuit, the flow through the gut diminished to reach a minimum of 
8 c.c./min. 18 min. after the transfer, and then increased to reach its 
original value within the next hour. Because of the smallness of these 
flows the experiment was repeated but with preh’minary passage of the 
blood through lungs in order to remove vasotonins. As soon as the 
circuits had been filled, the heart and lungs of one of the bled dogs 
were excised, a cannula was tied into the pulmonary artery, a clamp 
applied to the auriculo -ventricular groove, the left auricle freely opened, 
and the lungs were irrigated with defibrinated blood. The pulmonary 
artery was then connected with the arterial cannula of the left pump- 
oxygenator circuit and the blood from the left auricle drained through 
a muslin filter into the “pulmonary” reservoir of the same circuit. The 
blood of both circuits was passed continuously through the lungs by 
allowing that from the oxygenator of the one circuit to flow into the 
systemic reservoir of the other. The lungs meantime were being 
ventilated by a Starling pump, and when they had been perfused at a 
pressure of 35 mm. Hg for from 50 to 80 min., a loop of intestine was 
connected to the middle circrnt. The lungs were then removed, the 
circuits separated, and a kidney was connected to the left-hand circuit. 
The blood-flows through both kidney and intestine were large, and 
vasoconstriction in the latter occurred as the result of transposing the 
kidney to the gut circuit ; in one instance, for example, the gut-flow fell 
• 16 min from 63-8 to 41-8 c.c./min. as a result of this procedure. 

^ 1 xation of the vessels then began, and a second exposure to renal 
ffl t failed to produce constriction again. Since these results 
aword with those of the heart-lung and pump-lung perfusion systems. 
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the lungs can play no concurrent role in the phenomenon under 
study. 

We now decided to determine whether or no the phenomenon 
appeared when blood made incoagulable by heparin was substituted 
for defibrinated blood as perfusate. Experiments were therefore 
performed with the technique as just described, the only modification 
being the use throughout of blood rendered incoagulable by the addition 
of heparin ^ in a concentration of 10 mg./lOO c.c. blood. When the 
kidney was transposed to the gut circuit, no constriction of the intestinal 
vessels ensued; on the contrary, a dilatation was recorded. The failure 
of vasoconstriction to appear under these conditions was not due to 
simple intervention by heparin in suppressing the response, since the 
typical constriction and ensuing refractoriness of the gut-vessels were 
found when the perfusate was defibrinated blood to which heparin in a 
concentration of 10 mg./lOO c.c. blood had been added. Under per- 
fusion conditions, therefore, the production by the kidney of the vaso- 
constrictor agent in effective amount, or the responsiveness of the gut- 
vessels to it, appears to be determined by the use of defibrinated blood 
as perfusate. 

The technique at our disposal offered the possibility of discovering 
whether the constrictor substance in the venous effluent from a kidney 
perfused with defibrinated blood acted on the intestinal vessels directly 
or on the terminations of their sympathetic nerves. To this end the 
following operation was performed on a bitch under ether anaesthesia 
and with full surgical precautions: — 

The superior mesenteric artery and vein were exposed through a mid- 
abdominal incision and thoroughly freed and cleaned for a distance of about 
two centimetres. All the^ nerve fibres, lymph vessels and connective tissue 
in the region were then divided between ligatures, the mesenteric artery and 
vein alone being spared. The animal made a good recovery although profuse 
diawhcea developed the day after the operation, and this persisted till the day 
ot the perfusion experiment one month later. The animal remained, however, 
in Iwely health throughout, but became more and more emaciated in spite of 
good appetite. Subcutaneous injection of atropine sulphate in a dose of 
~ mg./day seemed to check the diarrhma somewhat in the early days, but 
later was TOthout apparent effect. Water and food intake caused prompt 
j bowels, as had been observed before by Vemey and Vogt 
(.ladoj m a dog in which all the prevertebral ganglia had been excised. 

A month after the operation a loop of this animal’s jejunum was 
perfused, and the effect of the renal venous effluent on its blood-flow 
determined in the manner described on p. 18. Two pump-oxygenator 
circuits were used, and the defibrinated blood was circulated through a 
pair of lungs for over two hours before separation of the circuits and 
hir bsparin was that issued by The British Drug Houses Ltd., and prepared 
t^nn 1ft Jorpes. We found that with concentrations less 

of fiio S’/Uju c.c. Wood, small amounts of fibrin might be deposited on the walls 
Of the apparatus m long lasting perfusion experiments: 
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connexion of the kidney. Fig. 11 is a graph of the results obtained. 
The loop of gut -was being perfused in the one pump-oxygenator circuit, 
the kidney in the other. At the arrow the kidney was transposed to 
the gut circuit : the intestinal vessels, which had been slowly dilating, 
now began to constrict, and after 15 minutes’ perfusion of the two 
organs in parallel the blood-flow through' the gut was reduced by as 
much as 44 per cent. Relaxation of the vessels then began and pro- 



Fio. 11. — Double pump -oxygenator preparation. A loop of jejunum (de- 
nervated one month previously) is perfused by one pump-o-xygenator, a kidney 
by the other. At A the kidney is switched to the circuit perfusing the gut. 
Ordinate: perfusion flow through the gut in o.c./min. Abscissa: time m 

minutes. 

gressed in spite of the continued presence of the kidney. The degree 
and course of the response differ in no apparent way from those found 
when a loop of intestine from a normal dog is used : the vasoconstrictor 
substance produced by the perfused kidney, therefore, acts either on 
the myoneural junctions or on the plain muscle of the vascular bed. 

Particular note may be made of the fact that in the later experi- 
ments atropine sulphate (1 mg.) was added to the blood of each circuit 
(0-5 to 1 litre). Thus the vasoconstriction of the gut- vessels in the 
experiments of figs. 5, 7, 9, and 10 occurred in the presence of atropine, 
while in those of figs. 2, 3, 4, and 6 it occurred in the absence of this 
drue Obviously the response is not essentially changed by atropine 
in a concentration of 0- 1-0.2 mg./lOO c.c blood. 


Discussiox. 


The experiments described in the foregoing pages were originally 
1 ned with a view to the possibility of their results having a bearing 
^ ^the phenomenon of hypertension from renal ischsemia. The experi- 
t bare demonstrated the liberation of a vasoconstrictor substance 
dog’s kidney when isolated and perfused with oxygenated 
by ao| blood, the liberation occurring irrespective of whether the 
defibrma i ^ heart-lung, pump-lung, or pump-oxygenator 

kidney substance appears to be liberated by the kidney over 
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long periods of perfusion (e.p. 3 to 5 hours), and the blood-vessels of the 
perfused loop of jejunum which we have used as an indicator of this 
substance are stiU responsive after perfusion periods of similar duration. 
The possibility, however, of using the response of the gut-vessels as a 
measure of the amount of vasoconstrictor substance liberated by a 
kidney as the result of variations in the perfusion pressure and in the 
composition of the defibrinated blood supplied to it, was denied by the 
finding that a single exposure of the gut-vessels to the effluent blood 
from the kidney created in them a persistent refractoriness to subsequent 
exposures. Our experiments indicate that the more quickly the gut- 
vessels constrict when the kidney is s-ivitched into the gut circuit, the 
more rapidly do they relax and exhibit refractoriness to further exposure 
when the kidney has been switched out of the gut circuit (cf. figs. 2 and 
4 with figs. 5 and 6) ; when the speed of constriction has been very slow, 
no appreciable recovery at all may be seen (fig. 3). Moreover, the 
onset and course of relaxation of the gut-vessels while exposure to the 
effluent blood of the kidney is maintained — another expression of 
refractoriness — is also a function of the speed of initial constriction; 
when vasoconstriction has occurred rapidly, as is shown, for example, in 
fig. 7 at C, recovery of flow is quickly noticeable ; whereas when it has 
occurred slowly (fig. 7 at A, fig. 9 at A) the course of recovery is pro- 
longed. If we assume, in the absence of a means of assaying the con- 
centration of the vasoconstrictor substance in blood, that the speed of 
constriction of the gut-vessels on their first exposure to the effluent 
blood from the kidney is directly proportional to the amount of con- 
strictor substance in the blood which reaches them, our results indicate 
that sufficiently low concentrations of this substance may well produce 
a definite increase in vascular tone the persistence of which is un- 
molested by the refractoriness which follows exposure of the vessels to 
higher concentrations. This refractoriness, therefore, cannot be justified 
as a phenomenon which in itself excludes the possibility of identity or 
close chemical relationship between the substance liberated by a 
perfused kidney and that liberated [Goldblatt, 1937] by an ischasmic 
kidney in the otherwise normal animal. On the other hand, it would 
be misleading to assume any connexion in cause between the pheno- 
menon of persistent hypertension in the normal animal following 
obstruction of the arterial supply to the kidney and the phenomenon of 
constriction of the gut-vessels on exposure to the effluent blood of a 
perfused kidney, a connexion which can be established or refuted only 
by the identification of the agent responsible for each, furthermore, 
the phenomenon with which this paper deals appears under highly 
abnormal conditions and the substitution of heparinized blood for 
efibrinated blood prohibits it. This last observation offered the 
opportunity of determining whether under these conditions isohcemia 
0 the kidney causes the liberation of a substance producing constriction 
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of the vessels of the isolated loop of intestine. The reduction in renal 
blood-flow was produced by means of a screw-clip applied to the arterial 
supply tube, the reduced flows varying between 37-5 and 13-5 per cent, 
of the original rates, and we found that in none of the three experiments 
in which the point was tested, did intestinal vasoconstriction result 
from such reduction in the renal blood-flow while both kidney and gut 
were being perfused in parallel. When defibrinated blood is used as 
the perfusate the blood-flow through the kidney is large, and the 
production or liberation of the vasoconstrictor substance under these 
conditions may well be associated with the fact that the kidney so 
perfused becomes oedematous, a state which is not seen when heparinized 
blood is used instead. 

As to the nature of the substance liberated when defibrinated 
blood is used as perfusate we have little evidence to ofifer. The libera- 
tion of the substance, its constrictor action on the blood-vessels of the 
perfused loop, and the development of refractoriness in them during 
their exposure to it, still occur in the presence of atropine. Our 
experiments also show that the substance is not rapidly inactivated or 
destroyed in defibrinated blood since it was still present in amounts 
sufiScient to produce refractoriness in the gut-vessels in one experiment 
at least 24 minutes, and in another at least 45 minutes after the source 
of supply had been withdrawn. Further, the substance would seem to 
act on the sympathetic myoneural junctions or on the plain muscle 
of the vascular bed since degenerative section of the post-ganglionic 
sympathetic nerves leaves the response of the gut-vessels apparently 
unaffected. Although no data are available, so far as we are aware, 
on the reactions of denervated intestinal vessels to drugs. Burn’s [1932] 
observations on the vascular responses of the perfused forelimb of the 
cat suggest that the agent liberated by the kidney is not of the 
tyramine-ephedrine type, since these compounds are inactive after 
degeneration of the post-ganglionic sympathetic supply to the limb. 
Whether or no the substance liberated by the kidney in our experiments 
is the same as that responsible for the pressor activity found by 
Tigerstedt and Bergman [1898] in saline extracts of the cortex of 
the rabbit’s kidney we cannot say. Histamine is excluded by our 
finding that under the conditions of our experiments it produces 
vasodilatation in the perfused loop. 


SUMMABY. 

1 When a kidney of the dog was perfused with defibrinated blood 
bv one heart-lung preparation and a loop of jejunum by another, the 
f^nsuosition of the kidney to the heart-Iung-gut circuit was followed 
h ^fall in perfusion flow through the gut. Similar but smaller 
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responses were observed when, in like experiments, a forelimb or a 
segment of large intestine was used in place of the loop of jejunum. 

2. The kidney appeared to be specifically responsible for the pheno- 
menon since it was absent in control experiments in which the spleen 
or the limbs of the dog were substituted for the Iddney. 

3. The kidney liberated the vasoconstrictor substance over long 
periods of perfusion {e.g. 3 to 5 hours) and the gut-vessels responded to 
it after periods of perfusion of similar duration, 

4. A single exposure of the gut-vessels to the effluent blood from the 
kidney produced in them a refractoriness to subsequent exposures, and 
this persisted in spite of prolonged irrigation of the vessels with 
blood entirely free from the constrictor substance. 

6. When the initial exposure was maintained, the constriction of 
the gut-vessels was followed by relaxation. This relaxation was shown 
to be due to the development of refractoriness to the substance liberated 
by the kidney. 

6. The more quickly the intestinal vessels constricted on exposure 
to the effluent blood from the kidney, the more rapidly did the refractory 
state develop. 

7. The liberation of the vasoconstrictor substance by the kidney 
and the refractoriness of the gut-vessels were observed in the presence 
of atropine in the perfusate in a concentration of 0-1 to 0-2 mg./lOO o.o. 
blood. 

8. The liberation of the substance and the refractoriness of the 
vessels also occurred when pump-lung or pump-oxygenator preparations 
were substituted for heart-lungs in the perfusion system. 

9. The phenomenon of vasoconstriction in the gut when its vessels 
were exposed to the effluent blood from the kidney did not occur when, 
instead of defibrinated blood, the perfusate was blood rendered in- 
coagulable by heparin. Nor under these conditions did it occur when 
the arterial supply to the kidney was severely obstructed. The 
addition of heparin to defibrinated blood did not, however, interfere 
with its occurrence nor mth the subsequent development of a refractory 
state in the gut- vessels. 

10. Degenerative section of the autonomic nerves around the 
superior mesenteric artery did not appreciably affect the responses of 
the jejunal vessels to the effluent blood from the kidney. 

11. The renal substance was not rapidly inactivated or destroyed 
in the blood of the heart-lung preparation. 

12. Histamine has been excluded from being the substance responsible 
for the observed constriction of the gut- vessels. 

13. The results are discussed with a view to their possible bearing 
on experimental hypertension of renal origin. 

•fwlf pleasure to thank Professor de Burgh Daly for his help in connexion 
witn the teohmque of negative pressure ventilation used in some of our experi- 
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of the vessels of the isolated loop of intestine. The reduction in renal 
blood-flow was produced by means of a screw-clip applied to the arterial 
supply tube, the reduced flows varying between 37-5 and 13-5 per cent, 
of the original rates, and we found that in none of the three experiments 
in which the point was tested, did intestinal vasoconstriction result 
from such reduction in the renal blood-flow while both kidney and gut 
were being perfused in parallel. When defibrinated blood is used as 
the perfusate the blood-flow through the kidney is large, and the 
production or liberation of the vasoconstrictor substance under these 
conditions may well be associated with the fact that the kidney so 
perfused becomes cedematous, a state which is not seen when heparinized 
blood is used instead. 

As to the nature of the substance liberated when defibrinated 
blood is used as perfusate we have little evidence to offer. The libera- 
tion of the substance, its constrictor action on the blood-vessels of the 
perfused loop, and the development of refractoriness in them during 
their exposure to it, still occur in the presence of atropine. Our 
experiments also show that the substance is not rapidly inactivated or 
destroyed in defibrinated blood since it was stiU present in amounts 
sufficient to produce refractoriness in the gut-vessels in one experiment 
at least 24 minutes, and in another at least 46 minutes after the source 
of supply had been withdrawn. Further, the substance would seem to 
act on the sympathetic myoneural junctions or on the plain muscle 
of the vascular bed since degenerative section of the post-ganglionic 
sympathetic nerves leaves the response of the gut-vessels apparently 
unaffected. Although no data are available, so far as we are aware, 
on the reactions of denervated intestinal vessels to drugs. Burn’s [1932] 
observations on the vascular responses of the perfused forelimb of the 
cat suggest that the agent liberated by the kidney is not of the 
tyramine-ephedrine type, since these compounds are inactive after 
degeneration of the post-ganglionic sympathetic supply to the limb. 
Whether or no the substance liberated by the kidney in our experiments 
is the same as that responsible for the pressor activity found by 
Tigerstedt and Bergman [1898] in saline extracts of the cortex of 
the rabbit’s kidney we cannot say. Histamine is excluded by our 
finding that under the conditions of our experiments it produces 
vasodilatation in the perfused loop. 


SmVIMARV. 

1 When a kidney of the dog was perfused with defibrinated blood 
b one heart-lung preparation and a loop of jejunum by another, the 
+ ^T,=Tinsition of the kidney to the heart-lung-gut circuit was followed 
transp^^^ perfusion flow through the gut. Similar but smaller 

by ^ 



SOME OBSERVATIONS UPON SODIUM ALGINATE. By 0. M. 
SoLANDT. From the Physiological Laboratory, Cambridge. 

{Seceiv^d for publication IZth December 1940.) 


ALGimc acid was discovered by Stanford in 1883 in the course of experi- 
ments on the extraction of iodine from Scottish kelp [Stanford, 1883]. 
It is now prepared commercially in the British Isles from the sea-weed 
Laminaria hyperborea. It is coming into general use as an ingredient 
of foods and to replace agar in many of its uses. 

Alginic acid is probably a polymer of d-mannuronic acid with an 
empirical formula of CeHioO, and an equivalent weight of 194. The 
molecular weight varies with the degree of polymerisation from 40,000 
to 250,000. The viscosity in solution is very high, and rises rapidly 
with increasing molecular weight. Alginic acid itself is unstable and 
only slightly soluble in water. The sodium salt is quite stable at room 
temperature and pH 5-5 to 8-5 and is soluble in water to the extent of 
3 to 10 per cent, depending upon the molecular weight [Albright and 
Wilson, 1938; Rose, 1937; Nelson and Cretcher, 1929, 1930; Barry 
and Dillon, 1936; Dillon and McGuinness, 1931]. 

Sodium alginate is available under the trade name of Manucol in a 
variety oS grades which difier in their average molecular weights. 
The range of molecular weights which is available includes the molecular 
weights of the plasma proteins. This suggested that sodium alginate 
might be a suitable substance for use in the treatment of shock when 
blood or plasma was not available for transfusion. Experiments soon 
showed that sodium alginate is toxic when injected intravenously and 
is quite unsuitable for this purpose. 

The Toxicity of Sodium Alginate. 

Sodium alginate solutions were tested for toxicity by intravenous 
injection into mice and rabbits. The tests were done with a 1 or 2 
p.c. solution of Grade III sodium alginate (average molecular weight 
85,000) in 0-9 p.c. saline. The minimum lethal dose was not determined 
accurately but is about 100 mg./kg. in rabbits. Four rabbits were 
given doses exceeding 125 mg./kg. and all died. Three were given 
a dose of 100 mg./kg.; one survived and two died. One rabbit 
received 85 mg./kg, and two 75 mg./kg. and all survived. The time 
of death varied from 15 minutes to about 15 hours after the injection. 
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ments. We would also express our indebtedness to the Government Grant 
Committee of the Royal Society for defraying part of the expenses incurred in 
this work. 
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Some Observations upon Sodium Alginate 

sedimentation of unwashed cells was similar or slightly more rapid. 
The increase of sedimentation rate in whole defibrinated blood was 
much the same. 

Similar experiments were performed using whole heparinised blood 
from rabbits and rats. In both these animals the effect of sodium 



Pio. 1. — ^The sedimentation of washed human red cells in various strengths 
of Grade III (average molecular weight 85,000) sodium alginate solution in 
30 minutes. (Average of four experiments.) C =oontrol. 

Fia. 2. — ^Tho sedimentation of washed human red cells in various strengths 
of Grade VIII (average molecular weight 185,000) sodium alginate solution in 
30 minutes. C=control. 

alginate upon the sedimentation rate in diluted whole blood is similar 
to that seen with human blood. Wasbed cells from the rabbit and the 
rat show a somewhat lower sedimentation rate with sodium alginate. 


26 


Solandfc 


The earlier deaths were always accompanied by mild convulsions, 
marked cardiac slowing, and early cessation of respiration. 

In mice (9) doses of 200-600 mg./kg. were fatal in from 1 minute 
to 12 hours. 

In the rabbits, whether death was immediate or delayed, there was 
always marked dilatation of the right heart and often considerable 
pulmonary oedema. Sections of the lungs from three of these rabbits 
showed, in addition to the usual picture of pulmonary oedema, a very 
marked mdema of the adventitia of the arteries and arterioles. There 
was no similar lesion around the veins or bronchi. Sections of liver 
showed no abnormality. There was no gross or microscopic evidence 
of embolism due to precipitation of sodium alginate or to clumping of 
red blood cells. 

The effect of the intravenous injection of sodium alginate on a 
lowered blood-pressure was tested in five cats under chloralose 
ansesthesia, the blood-pressure having been lowered by hsemorrhage. 
In aU cases there was a transient rise in blood-pressure, followed by a 
fall which ended in the death of the animal if the dose of sodium alginate 
was large. The lethal dose varied greatly with the rate of injection. 
Doses between 120 and 450 mg./kg. were fatal within a few minutes. 
Marked slowing of the heart preceded death, but the heart continued to 
beat while the blood-pressure was falling and after respiration bad 
ceased. At autopsy the right side of the heart was greatly distended 
and there was some pulmonary oedema. 

No attempt was made to estimate the toxicity of sodium alginate 
when given by mouth or subcutaneously. It is widely used in food 
products and is apparently harmless. 


The Effect of Sodittm Alginate on the Sedimentation 
Rate of Red Blood Cells. 

Sodium alginate greatly accelerates the sedimentation of red blood 
cells. Sedimentation rates were measured in Westergren tubes. Most 
of the experiments were done with a suspension of twice-washed red 
blood cells in 0-9 p.c. saline. A 40 p.c. suspension of cells was used, 
and this was diluted with an equal volume of the sodium alginate 
solution to be tested. In some cases whole blood was used and similarly 
diluted. The sodium alginate solutions were made up in normal saline 
so that all the solutions were isotonic or slightly hypertonic. 

The results for normal, twice-washed, human red cells are shown 
in fig !• average of four experiments. The extent of 

edimentation in each of the various strengths of sodium alginate in 
^0 minutes is shown. In these experiments sodium alginate Grade III 
•th an average molecular weight of 86,000 was used. Similar results 
^re obtained with Grade I (average molecular weight 40,000). The 
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red cells into large aggregates. This clumping resembles true agglu- 
tination both macroscopically and microscopically but is readily dis- 
tinguished by the ease with wliich the clumps can be shaken apart. 

It seems reasonable to suppose that the slow sedimentation seen in 
the higher concentrations of sodium alginate is due to the high viscosity 
of these solutions. The clumping of the corpuscles is clearly visible 
even though they do not settle. Fig. 2 shows the sedimentation rate 
of washed human cells in Grade VIII sodium alginate (average molecular 
weight 185,000). The sedimentation rate is much lower than in Grade 
III, and the most rapid sedimentation occurs in a more dilute solution. 

The effect of sodium alginate in producing an increased sedimenta- 
tion rate cannot be due to its viscosity alone. If sodium alginate 
solution is heated to 100° C. it loses its viscosity before it loses its ability 
to produce an increase in sedimentation rate. This is shown in fig. 3. 
It is apparent that heating for 1 hour at 100° C., which causes an 
approximately tenfold reduction in viscosity, increases the sedimenta- 
tion rate in 0-5 p.c. concentration and has very little effect on the 
sedimentation rate in 0-25 p.c. concentration. Heating for 4 hours 
produces a further decrease in viscosity and a marked diminution in 
the effect on the sedimentation rate. 

Direct observation of the mesenteric vessels in the cat during fatal 
poisoning with sodium alginate sometimes showed clumping of corpuscles 
visible to the naked eye and sometimes did not. In three of the rabbits 
blood was drawn from the heart at death. The sedimentation rate of 
this blood (heparinised) was 3 mm. in 30 minutes. This is more than 
is normal in rabbits but is very slow compared to the rates seen in vitro. 
The amount of sodium alginate injected into these animals was sufficient 
to give an immediate concentration of 0T4 to 0-2 p.c. in the blood, 
assuming a blood volume of 70 c.c. per kilo. 


Calcium and the Toxicity of Sodium Alginate. 

Maas [1938] has recently shown that the immediate toxicity of some 
samples of gum acaeia is due to the absorption of calcium from the 
blood by the sodium arabinate of which the gum is mainly composed. 
This is shown by the fact that the intravenous injection of calcium 
chloride prevents the lethal effect of such samples of gum and that 
calcium arabinate is non-toxic. 

It seemed probable that a similar binding of the blood calcium might 
account for some of the toxicity of sodium alginate since the two sub- 
stances have many properties in common. There is, however, the 
important difference that calcium arabinate is soluble, whereas calcium 
alginate is very insoluble. 

In two rabbits the total serum calcium fell from 13>0 and 13-5 mg. 
per cent, to 11 -2 and 11-8 mg. per cent. 1 hour after the injection of 
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I. Inteodhction. 

A LABGE number of cold-blooded vertebrates belonging to the classes 
Pisces, Amphibia, and Reptilia exhibit a striking pigmentary response 
to changes of illumination, temperature, etc. Visible chromatic 
response in these forms results from the “expansion” and “contraction” 
of dermal and epidermal chromatophores. The most striking pig- 
mentary change is the “background response,” whereby animals 
darken when exposed to overhead illumination in surroundings which 
do not reflect light {e.g. black tank), and assume pallor in conditions 
of overhead illumination in surroundings which reflect or scatter Hght 
{e.g. white tank). The eye is the receptor for this response. In some 
forms, notably Amphibia, co-ordination of background responses is 
by means of blood-circulated pituitary hormones, and in others there 
is superimposed on this a direct nervous control of the melanophores. 
The evidence for pituitary hormonal control of the pigmentary effector 
system of certain fish and amphibia is well founded, although a 
fuller elucidation of some details is still called for. Hypophy- 
sectomised animals are paler than normal animals when exposed to 
overhead illumination in a black tank. Injections of pituitary extract 
OToke expansion of the melanophores of these operated animals, 
^xtract of one frog pituitary contains sufficient excitant substance 
o darken circa 50 pale frogs [Hogben, 1924]. In one animal {Anguilla) 
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100 mg. /kg. of sodium alginate. It is probable that tbe lowering 
of calcium would be better seen in an ultra-filtrate of serum, but the 
investigation was interrupted before this could be done. 

In two rabbits a dose of 150 mg./kg. of sodium alginate was given 
and was followed within 10 minutes by the intravenous injection of 
6 mg./kg. of calcium given as calcium chloride. Death was immediate 
in each case. Another rabbit was given 75 mg./kg. of sodium alginate 
intravenously, followed in 10 minutes by 5 mg./kg. calcium. There 
was an immediate convulsion, and death ensued in less than 5 minutes. 
Control experiments showed that doses of calcium up to 10 mg./kg. 
produced no obvious eflfect and that a dose of 75 mg./kg. of sodium 
alginate was not lethal. 

Disoussion. 

The toxicity of sodium alginate when injected intravenously is much 
greater than would be expected from its chemical composition and 
physical properties. Its action in accelerating the sedimentation of 
red blood cells is very marked but does not appear to account for this 
toxicity. Other substances such as gum acacia have a similar effect 
on blood sedimentation but are much less toxic [Kruse, 1919, 1920; 
Lucia and Brown, 1934; Hanzlik and Karsner, 1919]. 

Sodium alginate may, like some samples of acacia, combine with 
calcium in the blood and lower the ionised calcium significantly. How- 
ever, the toxicity of sodium alginate cannot he directly due to the 
lowering of blood calcium because the subsequent injection of calcium 
increases, rather than decreases, the toxicity of an injection of sodium 
alginate. It seems probable that the toxicity of sodium alginate is 
related to its precipitation as the insoluble calcium salt. There is, 
however, no evidence of such a precipitation in the microscopic sections 
of liver and lung from the injected animals. 
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I. Inteodtjction. 

A LARGE number of cold-blooded vertebrates belonging to the classes 
Pisces, Amphibia, and Reptilia exhibit a striking pigmentary response 
to changes of illumination, temperature, etc. Visible chromatic 
response in these forms results from the “expansion” and “contraction” 
of dermal and epidermal chromatophores. The most striking pig- 
mentary change is the “background response,” whereby animals 
darken when exposed to overhead illumination in surroundings which 
do not reflect light (e.gr. black tank), and assume pallor in conditions 
of overhead illumination in surroundings which reflect or scatter light 
(e.g. white tank). The eye is the receptor for this response. In some 
forms, notably Amphibia, co-ordination of background responses is 
by means of blood-circulated pituitary hormones, and in others there 
is superimposed on this a direct nervous control of the melanophores. 
The evidence for pituitary hormonal control of the pigmentary effector 
system of certain fish and amphibia is well founded, although a 
fuller elucidation of some details is still called for. Hypophy- 
sectomised animals are paler than normal animals when exposed to 
overhead illumination in a black tank. Injections of pituitary extract 
evoke expansion of the melanophores of these operated animals. 
Extract of one frog pituitary contains sufficient excitant substance 
to darken circa 50 pale frogs [Hogben, 1924]. In one animal {Anguilla) 
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1935; Geiling and Lewis, 1935; Van Dyke, 1926; Pisher et al, 1938]. 
Where an intermediate lobe exists, the presence of melanophore- 
expanding hormone in other parts of the gland is probably due to 
diffusion [Spaul, 1927]. 

In some forms there is no morphologically distinguishable inter- 
mediate lobe: fowl [de Beer, 1926], whale [Valso, 1934; Geiling, 1935], 
porpoise [Valso, 1932], and armadillo [Oldham, 1938]. In the fowl 
and whale the melanophore-affecting substance is located in the pars 
glandularis [Geiling, 1935; Kleinholz and Rahn, 1940]. 

There are then several possible sources for the extraction of B 
hormone, but now that pressor and oxytocic free extracts can be 
prepared from ox posterior lobes the others need not be considered. 

Hitherto it has been customary to destroy the pressor oxytocic 
properties by treatment with caustic soda. It is pointed out sub- 
sequently that there are serious objections to this procedure. 

III. Standaedisation ov Melanophoee-expancing (B) Hoemone. 

Stehle [1936] and Teague et al. [1938] have recently expressed the 
need for a reliable method of assajdng melanophore activity. A 
number of methods have been described, but as a preliminary to 
discussing their merits it is desirable to emphasise the requirements 
to he satisfied by any assay animal or method. These must be (1) 
specific power of the excitant substance to evoke the response %vhich 
is to be measured, or failing that the limits of specificity must be known ; 
(2) an objective measure of the response; (3) high sensitivity so that 
small amounts of the autacoid can be assayed; (4) reliability. 
Where it is necessary to choose between reliability and sensitivity the 
former is the more important, especially where, as in the present case 
of B hormone, the substance to be assayed lends itself readUy to 
concentration. 

Hogben and Winton [1922] were the first workers to attempt 
quantitative assay of B. They used graded doses injected into groups 
of normal (or hypophysectomised) frogs. Most subsequent workers 
have also used the frog [Abramowitz, 1937; Teague et al., 1938; 
Teague, 1940]. With reference to the specificity of the reaction, 
Hogben and Winton [1922-23], Shen [1939], and Teague et al. [1938] 
have shown that a number of substances will evoke complete expansion 
of intact frog melanophores. Very few substances have any appreciable 
influence on the contracted melanophores of hypophysectomised animals 
[Hogben and Winton, 1922; Shen, 1937aand6, 1939; Teague eJaZ., 1938]. 
The last authors, after a review of the literature, suggested that there 
is a species difference in this respect. They concluded from their own 
experiments on Rana pipiens that pituitrin is the only substance 
that will fully darken a hypophysectomised specimen. We have not 
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[Waring and Landgrebe, 1941] it has been possible to estimate with 
fair precision the amount of pituitary hormone circulating in the blood 
of dark animals. Recent work on the pigmentary effector system is 
summarised in Hogben [1924], Hogben and Slome [1936], Hogben and 
Landgrebe [1940], Parker [1936], Sand [1935], Abramowitz [1937, 1939], 
ICleinholz [1938], Neill [1940], and Waring [1936 a and b, 1938, 1940], 
Pituitaries from vertebrates of aU classes [Hogben, 1924] yield 
extracts which cause melanophore expansion of hypopbysectomised 
Amphibia. In recent years attempts have been made to elucidate 
the role (if any) of the melanophore hormone in those vertebrates 
which have no melanophores. One necessary step in such investiga- 
tions is the preparation of the substance in as pure a form as possible. 
This involves the separation of the principle from extraneous inactive 
protein and other pituitary autacoids without subjecting the crude 
substance to any chemical processing which may alter the molecule. 
Evidence has been advanced to show that the caustic soda treatment 
usually adopted to free an extract from pressor and ox 3 d;ocic autacoids 
alters its melanophoric properties. The present paper describes a 
simple method for the preparation of melanophore or B hormone 
[Hogben and Slome, 1931] from the pituitaries of domestic food animals. 
The preparation is substantially free from pressor and oxytocic pro- 
perties, and its high potency implies that it contains little extraneous 
protein. The extraction does not involve the use of alkalies or strong 
acids. 


II. SouKCE OF Mblanophore Hoemonb (B Hormone). 

Crude extracts of either anterior or posterior lobe of the ox 
evoke melanophore expansion in pale hypopbysectomised animals, but 
extracts of the latter have far greater potency [Hogben, 1924; Spaul, 
1925-27; Van Dyke, 1936, 1940]. The ox posterior lobe is more 
accurately described as a neuro-intermediate lobe. It is made up 
of a neural lobe derived embryologically from the infundibulum which 
interdigitates mth an intermediate lobe derived from the h 3 rpophysis, 
so that extraction of either tissue alone is for general purposes not a 
practical proposition. Unfractionated extracts of whole mammalian 
nosterior lobe have several properties in addition to melanophore 
excitation, but there are several classes of evidence which show that the 
snecific excitant of melanophores comes from the intermediate lobe, 
where this exists as a morphological entity. This evidence is derived 
from survival experiments after the separate removal of the various 
lobes pathological and experimental destruction of the pars inter- 
the iniection of extracts and work on implantation and tissue 
nlire lAUen 1916-30; Atwell, 1919-37; Smith, 1916-20; Smith and 
’th 1923- Swingle, 1921; Hogben and Winton, 1922; Hogben and 
Sl^e’ 1936; Houssay and Ungar, 1924; Anderson and Haymaker, 
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systematic sensitivity experiments on the same animal before and 
after operation. 

Where on grounds of expediency normals are used for assay purposes 
environmental conditions must be carefully standardised. It must be 



Fio. 1. — Increase of sensitivity after operation of completely hypo- 
physectomised Xenopus. Responses of same group of animals to injection of 
1 gamma carbon-extracted B. 16° C. 

— O — 2 weeks after operation. 

— □ — 2 months after operation. 

— • — 4 months after operation. 



Rw. 2r — ^Responses of the same group of normal Xenopus to different doses 
of carbon-extracted B. White container with overhead illumination. 15° C. 


All injections 1 c.o. 

— • — i gamma. 

— O — i gamma. 

— O — 1 gamma. 

realised, too, that there is a variation in sensitivity between different 
normals, and that they are never so sensitive as an animal hjrpo- 
physectomised six months before use. In fig. 2 there is shotvn the 
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carried out similar experiments on Xenopus. Sben (private com- 
munication) informs us that he is conducting pharmacological investiga- 
tions on Xenopus, and that so far he has found that this animal reacts 
similarly to Sana. On the other hand we cite an instance on p. 52 
of a sample of urine in which the excitant substance was almost 
certainly not B evoking a full expansion of hypophysectomised Xenopvs 
melanophores. 

The sensitivity of the frog is high. The response can he accurately 
measured by taking readings of the melanophores in the posterior 
web. Hogben and Winton originally distinguished three grades of 
expansion. In 1930 Hogben and Gordon introduced an improvement 
on this and five arbitrarily chosen grades of melanophore expansion 
were recognised. By plotting the response against time two criteria for 
relative potency are obtained, so that a much higher order of dis- 
crimination can be reached between two samples than can he obtained 
by methods based upon the minimal dose. 

The objection to the use of the hypophysectomised frog as a test 
animal is the difficulty of maintaining the animal alive for prolonged 
periods. Hogben and Gordon, in the paper referred to above, introduced 
Xenopus as a test animal and claimed to discriminate between doses 
of circa 20 per cent, difference. Xenopus can easily be maintained in- 
definitely in the laboratory by suitable feeding, etc. [Landgrebe, 1939], 
and can be bred, metamorphosed, and reared to adult state irrespective 
of the time of year [Landgrebe and Purser, unpublished]. Hogben 
and Slome [1931] showed that hypophysectomised Xenopus is much 
more sensitive to B hormone than the normal animal. The use of 
the hypophysectomised animal avoids any possibility that the injected 
substance stimulates endogenous secretion from the intact animals 
own pituitary. We have now used hypophysectomised Xenopus as 
a test for B substance for some years in this laboratory. It fulfils all 
the requirements outlined above. It lives indefinitely, its response 
is not affected by lighting conditions within a wide range, estimations 
can be carried out at a water temperature (e.gr. 15° C.), which is easily 
stabilised in the laboratory, and when once the animal has settled down 
after the operation it gives completely consistent responses to the 
same dose. The fact that it can be maintained for long periods 
provides an accurate cross check with standard dried extracts. The 
sensitivity of operated animals to B injections increases more or less 
consistently for approximately six months, after which the animal is 
completely reliable. The increase in sensitivity up to four months 
after operation is illustrated in fig. 1. At the end of six months after 
oneration an injection containing I gamma of the new carbon-extracted 
B will raise the melanophore index to 4. Comparison of the responses 
f normal and freshly hypophysectomised animals suggests that the 
f rmer react to somewhat smaller doses, but we have not carried out 
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erythrophore potency. {^) Erythrophore hormone but not melano- 
pbore hormone is readily soluble in absolute ethanol, boiling 
sodium chloride solution extracts erythrophore hormone ^ from 
posterior-lobe powder but leaves the melanophore hormone in the 
residue, (c) Extracts made from different parts of ox gland contained 
different proportions of the two properties; pars intermedia is 
richest in erythrosome-dispersing substance ; basophil area richest in 
melanophore hormone. 

Rodewald [1935] observed that pituitary extracts from frogs 
maintained in complete darlmess evoked little response when injected 
into frogs, but caused erythrosome dispersion in Phoxinus. 

We ourselves tested the effect of injecting large doses of the purified 
B hormone (u. infra) into Phoxinus. Two groups of five, including 
both males and females in each group, received 1 gamma and 10 gamma 
respectively. The erythrophores of one specimen of the first group 
reacted slightly and those of two specimens of the second group reacted 
definitely. 

Zondek and Krohn [1932] were unable to detect erythrosome sub- 
stance in the blood ; they found it only in the third ventricle and the 
pituitary stalk; Lewis et al. [1937] could not confirm this. There is 
abundant evidence from other sources {Abramowitz, Waring, Parker, 
McLean, Krogh) to show that melanophore-expanding substance is 
easily detected in the circulation. 

Apart from the general criticism that the isolated frog skin method 
used by Jores is unreliable, his findings in some cases are directly 
contrary to those of other workers, Jores himself and others have 
since claimed that melanophore hormone is soluble in absolute alcohol. 
The observation of Rodewald [1936], if true, may be purely a threshold 
phenomenon; but in any case the whole question of melanophoric 
properties of glands from dark-adapted frogs is at present in an 
unsatisfactory position {p. 44), 

Further work may be expected to clarify the position. 

When Zondek and Krohn [1932] introduced the Phoxinus test for 
chromatophoric pituitary substance, they claimed that it was preferable 
to the frog test because it was specific and the pH of the injected fluid 
did not influence the response evoked. If the emphasis on pH be taken 
to imply that amphibians are sensitive to small changes of pH of the 
injected fluid, it must be clearly emphasised that this is certainly not 
the case with hypopliysectomised Xenopus. That Zondek's claim of 
specificity is unjustified has been shown by two subsequent workers 
[Collin and Drouet, 1914; Stutinsky, 1934], They also showed that 
the response to injection in the female Phoxinus is dependent on the 
condition of the gonads. 

Zondek’s Phoxinus unit is based on the observation of macroscopic 
colour. In regard to melanophores, we have repeatedly emphasised 



36 Landgrebe and Waring 

responses to different doses of B of normal animals selected for their 
liigli sensitivity and maintained under overbedd illumination on a white 
background. It Tvill be noted that normal animals more rapidly attain 
pallor after passing the peak of response than do hypophysectomised 
ones. 

Hogben [1924] recorded that the melanophores of isolated segments 
of pale skin placed in Ringer containing pituitrin expanded. Physio- 
logically this was an important observation in that it shows that the 
pituitary substance acts directly on the melanophore. It may also 
ha've an important application in the determination of the melanophore 
speed, but its value in the standardisation of pituitary extracts is doubt- 
ful, as the pH and ionic concentration of the fluid must be carefully 
standardised; there is a great difference in sensitivity between the 
skins from different animals at any one time, and there is a marked 
seasonal variation in sensitivity [Jores, 1933]. In addition, it shares 
with the perfusion method advocated by Penn [1924] and McLean 
[1928] the fundamental disadvantage that the same test object cannot 
be used repeatedly. This method may have its uses as a qualitative 
test (if its sensitivity should he shown to be higher than that of hypo- 
physectomised Xenopus), but we are sceptical of its value in quantitative 
work. 

Kleinholz and Rahn [1940] have recently described a method for 
B assay using h3T)ophysectomised Anolis. The advantage claimed is 
greater sensitivity than afforded by the hypophysectomised frog. 
These authors have adopted substantially the same routine as that 
suggested by Hogben in 1930 and described above. Their method 
suffers from two serious drawbacks : (1) estimation of the pigmentary 
response is based on macroscopic appearance, and (2) hypophysectomised 
Anolis does not hve for long periods. 

The only other method of assaying the chromatotropic pituitary 
hormone which has received much attention is the Phoxinus test 
described by Zondek and Krohn for their substance Intermedin. This 
was a pituitary preparation which evoked expansion of the melano- 
phores of frogs and the erythrophores of Phoxinus. They did not 
suggest that these two effects might be dependent on two chemically 
different substances, and Bottger [1937] agreed that one and the same 
substance is responsible for both. If this is so, the Phoxinus assay 
appears to have no advantage over the amphibian test, w^hich is 
obviously more convenient. 

There is, however, a body of data which, if reliable, definitely 

bes the existence of two distinct activators. The evidence advanced 

Jores [Jores and Lenssen, 1933; Jores and Will, 1934] may be 
^ • ed as follows: {a) Activation of erythrophore excitant is 

summUt activation of melanophore hormone by alkali; 

with alkali increases melanophore potency and decreases 
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erythrophore potency. (6) Erythrophore hormone but not melano- 
phore hormone is readily soluble in absolute ethanol; boiling 
sodium chloride solution extracts erytlirophore hormone from 
posterior-lobe powder but leaves the melanophore hormone in the 
residue, (c) Extracts made from different parts of ox gland contained 
different proportions of the two properties ; pars intermedia is 
richest in erythrosome-dispersing substance; basophil area richest in 
melanophore hormone. 

Rodewald [1935] observed that pituitary extracts from frogs 
maintained in complete darkness evoked little response when injected 
into frogs, but caused erythrosome dispersion in Phoxinus. 

We ourselves tested the effect of injecting large doses of the purified 
B hormone (i;. infra) into Phoxinus. Two groups of five, including 
both males and females in each group, received 1 gamma and 10 gamma 
respectively. The erythrophores of one specimen of the first group 
reacted slightly and those of two specimens of the second group reacted 
definitely. 

Zondek and Krohn [1932] were unable to detect erythrosome sub- 
stance in the blood ; they found it only in the third ventricle and the 
pituitary stalk; Lewis et al. [1937] could not confirm this. There is 
abundant evidence from other sources (Abramowitz, Waring, Parker, 
McLean, Krogh) to show that melanophore-expanding substance is 
easily detected in the circulation. 

Apart from the general criticism that the isolated frog skin method 
used by Jores is unreliable, his findings in some cases are directly 
contrary to those of other workers. Jores himself and others have 
since claimed that melanophore hormone is soluble in absolute alcohol. 
The observation of Rodewald [1935], if true, may be purely a threshold 
phenomenon; but in any case the whole question of melanophoric 
properties of glands from dark-adapted frogs is at present in an 
unsatisfactory position (p. 44). 

Further work may be expected to clarify the position. 

When Zondek and Krohn [1932] introduced the Phoxinus test for 
chromatophoric pituitary substance, they claimed that it was preferable 
to the frog test because it was specific and the pH of the injected fluid 
did not influence the response evoked. If the emphasis on pH be taken 
to imply that amphibians are sensitive to small changes of pH of the 
injected fluid, it must be clearly emphasised that this is certainly not 
the case with h^ophysectomised Xenopiis. That Zondek’s claim of 
specificity is unjustified has been shown by two subsequent workers 
[Collin and Drouet, 1914; Stutinsky, 1934], They also showed that 
the response to injection in the female Phoxinus is dependent on the 
condition of the gonads. 

Zondek’s Phoxinus unit is based on the observation of macroscopic 
colour. In regard to melanophores, we have repeatedly emphasised 
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that macroscopic matching of colours is in itself difSeult and, o-ning to 
individual variations in the concentration of effector units, is inevitably 
open, even with sldlled matching, to a high degree of error. Bsttger 
[1937] has described a method of microscopically examining erytlno- 
phore expansion which may eliminate this pitfall. 

Even if further investigation should make it clear that two distinct 
excitant substances do not exist, we see little reason for continuing 
with the Phoxinus erythrophore test. The disadvantages of the method 
are evident. If there prove to be two excitant substances, then some 
modification of the method must be evolved whereby ery'^throphore 
indices can be assessed like those of the melanophores in the amphibian 
web. 

IV. Methods or peepaeing B-containing Exteacts feom Ox Gland 

SUBSTANTIALLY PEEE OF PeESSOE AND OXYTOOIC PeOPEETIES. 

(a) Previous Methods. 

Methods for the preparation of B-containing extracts of pituitary 
gland have been described by Hogben and Gordon [1930], Zondek 
and Krohn [1932], Stehle [1936], Teague [1939], and Postvedfc [1940]. 

All these procedures are lengthy and, with the exception of Zondek’s 
product prepared from anterior lobe (which necessarily has a low 
jdeld), they all require treatment with alkali to remove pressor and oxytocic 
autacoids. Dietel [1934] has described the preparation of a very 
potent extract, but here the initial extraction involves the use of alkali. 
The method described below utilises the richest source of the substance 
(posterior lobe), is rapid, necessitates no drastic chemical treatment, and 
yields a product substantially free from oxytocic and pressor properties. 

(b) New Carbon-extraction Method. 

The process is a very rapid one, and the final product can be obtained 
from the original powder in under three hours. In some cases we used 
freshly excised glands which were immersed in acetone immediately 
after separation of the lobes and subsequently powdered. Equally 
good results were obtained by the use of an acetone-dried posterior- 
lobe powder produced commercially by the firm of Oxo, Ltd. 

5 g ox posterior lobe pituitary powder were boiled for 15 minutes 
•with 25 c.c. distilled water. The extract was then filtered while still 
hot on a Buchner funnel and the powder re-extracted vrith 25 c-c. 
hot water and filtered. The filtrates were combined and yielded 
about 45 c.c. of extract. 2 g. of freshly activated animal charcoal 

e added to the extract and left for 30 minutes with occasional stirring. 
Th^ extract was filtered on a Buchner funnel until the filtrate was free 
f ^ charcoal. The charcoal was then washed on the funnel with 
dried and extracted for 1 hour with 20 c.c. of pure phenol at 
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50° 0. No melanophore hormone could be detected in the filtrate in 
doses of 1 c.c. The phenol extract was filtered in the incubator and 
the filtrate, while still warm, was poured into 100 c.c. of acetone, when 
the active principle was precipitated. If a few drops of concentrated 
HCl are added, the precipitate is thrown down more quicldy and a 
higher yield results. After 10 minutes the extract was centrifuged at 
about 1000 r.p.m. and the supernatant fluid discarded. The precipitate 
in the bottom of the tube was washed twice with 50 c.c. acetone and 
allowed to dry. When dry the precipitate was weighed, the yield 
usually being about 25 mg. 

3?or general purposes we dissolve 1 mg. in 10 c.c. hot water. This 
solution (100 y/c.c.) when boiled, sealed, and kept in the dark retains 
its potency for at least one month. We have not experienced any 
need to keep solutions for longer periods. Appropriate dilutions are 
made prior to each injection. 

Using both hypophysectomised and normal Xenopus for test 
purposes, we have consistently found the same response to the same 
weighed quantity of powder even 6 months after extraction. We 
therefore believe that the dried powder kept in a desiccator retains 
its potency indefinitely. 

If this is so, a convenient melanophore standard could be used, 
based on weighed quantities of the powder. For example, we have 
found I gamma injected into a fully “matured” hypophysectomised 
Xenopus (30 g.) will evoke expansion of its melanophores to p,=4. 
We do not feel, however, that the time is yet opportune to suggest a 
standard of melanophore activity based on either weighed quantities 
of powder or on the response of test animals. While there is reason 
to believe that the product described approaches more closely to a 
pure autacoid than any previously described, attempts at even further 
purification are in progress. 

Further, rve have grounds for hesitancy in attempting the standard- 
isation of any chromatophoric pituitary product in terms of rveight 
of dry powder, since in our experience extracts made according to 
Hogben and Gordon’s method have yielded at different times of the 
year products of widely different potencies. This implies that the 
weight of glandular material used in the first place has no necessary 
relation to the amount of melanophore-expanding substance in the 
final solution. The variation in B content of the fresh gland may be 
due to lighting condition, season [c/. Waring, 1936 6], or other un- 
assessable influences. Unless the method of extraction specifically 
isolates the B hormone, it is evident that final products isolated from 
different samples of gland may well vary in their activity per unit 
weight. We have prepared our powder from both pig and ox posterior 
lobes collected at various times of the year, and also from “Oxo” 
dried posterior lobe. The yield of powder from the same weight of 
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original material (25 g. fresh issue) varies considerably (18-52 mg.). 
At the same time the activity of unit weight of the final product from 
these various sources remains approximately constant. 

In general, an objection to the biological standardisation of melano- 
phoric substance lies in the fact that different extracts may evoke a 
different kind of response (c/. p. 42) as distinct from different degrees 
of darkening. Until we have more definite information in regard to 
the effect of pressor and hypothetical precursor hormones, etc., on the 
response we cannot formulate a scheme which distinguishes between 
two samples which, although causing the same rise in index, maintain 
the expanded condition of the melanophores for quite different periods. 
As, however, it is desirable to have some unit for comparison, we adopt 
for the present \ gamma of our powder as a unit. ^ gamma (0-00025 mg.) 
will raise the melanophore index of a completely hypophyseclomised 
Xenopus to 4-0 (i.e. a submaximal response). 


Properties. 

The final powder is a brown powder of high potency. Its potency 
implies a high degree of purification, but nitrogen tests for protein are 
positive. This may mean either that the product is contaminated with 
extraneous protein, or that the active principle is itself a protein or 
closely bound to a protein complex. Zondek and ICrohn [1932] claim 
that Intermedin is protein free, but the tests applied may not have 
been exhaustive enough. Quite apart from the high potency of our 
product the foUorving observation furnishes suggestive evidence of its 
homogeneity. An extract was made from 2 g. of acetone dried pig 
posterior lobe according to the above method. The yield (6 mg.) 
was much lower than that obtained from an equivalent weight of ox 
gland, but 1 gamma produced almost identical response curves in 
hypophysectomised Xenopns as 1 gamma of the powder prepared 
from ox pituitaries. Yields obtained from anterior lobe ox have 
similar properties. 

Our product is readily soluble in hot water and up to fairly high 
concentration in cold water. Four volumes of acetone added to one 
volume of an aqueous extract precipitates the active substance. It is 
only slightly soluble in cold absolute ethanol and fairly soluble in hot 
absolute ethanol. It is insoluble in acetone and ether. 

Although there is no generally accepted method for the assay of 
B hormone, we believe that no other product derived from posteric. 
lobe has been obtained wdth such a high B content and such slight 
sor and oxytocic properties. Indirect evidence derived from the 
on caustic treatment (p. 48) points to the same conclusion. 
Tt is most closely approached by a preparation by Stehle [1936], which 
■ active in doses of -001 mg. judged by its effect on the melanophores, 
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and contains “less than | unit of pressor per 100 melanopbore units.” 
A melanopbore unit is not defined, but presumably it is the quantity 
necessary to darken completely one pale frog. 

The product is virtually free from pressor and oxytocic properties. 
Pressor activity was determined by measurement of the carotid blood- 
pressure of the anaesthetised cat (fig. 3). It is doubtful whether any 



Fio. 3. — Dial anffisthetiaed Cat. Heparin. Both vagi severed. Carotid 
blood-presaure. 

A. 1 International pressor Unit. 

B. 300 gamma carbon-extracted B. 

C. J International pressor Unit. 

All injections 1 c.c., followed by 1 c.o. saline. 


significant rise in blood-pressure was ever evoked. Certainly doses 
up to 1000 gamma contained less than 1 International Unit. Oxytocic 
activity measured on the uterus of virgin pigs showed less than 
1 International Unit in 10,000 gamma. 


V. The Physiological Peopebties of Postekior-lobe Extracts 
AFTER Treatment with Charcoal. 

The fact that our preparation from the posterior lobe exhibits little 
or no pressor (less than 1 unit per 1000 gamma), oxytocic (less than 
1 unit per 10,000 gamma), or anti-diuretic properties may mean that 
under the conditions of our technique the substances responsible for 
these properties are not adsorbed on the charcoal or that they are not 
eluted by phenol. 

As a preliminary to work now in hand, some tests were made with 
the extract before and after charcoal treatment. The crude extract 
was assayed for melanophore and pressor activity. It was found that 
1 c.c. containing the equivalent of 0-04 mg. of original posterior-lobe 
powder produced the same response in hypophysectomised Xenopus 
as 1 gamma of our final powder. The equivalent of 1 mg. of the 
original powder was found to contain about 2 pressor units, and it 
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was observed that the rise in blood-pressure in the ansesthetised cat 
was preceded by a slight fall — vindicating that histamine was present. 
Our product, therefore, is 40 times as potent in B hormone as the 
original powder, and at least 98 per cent, of the pressor activity has 
been separated from the melanophore hormone. Stehle’s [1936] final 
product was 25 times as active as his original powder. 

After charcoal treatment the filtrate showed no melanophore 
actmty, and gave a depressor response with no subsequent rise in 
blood-pressure when 1 c.c. {0-05 g. original powder) was injected into 
the anaesthetised cat. This solution was also assayed for oxjdocie 
activity, and gave a response equivalent to 4-5 International Units 
per c.c. (0-06 g. original powder). This response was probably due to 
the presence of histamine. In any case it means that most, if not 
all, of the oxytocic activity has been adsorbed on to the charcoal. 
This confirms the finding of Gulland and Newton [1932]. These facts 
indicate that very little pressor and practically no oxytocic activity 
is eluted by phenol in 1 hour. 

Only a fraction (usually about 25 p.c.) of the B hormone in the 
original powder is extracted by our technique, but in view of the large 
quantities of the hormone available this is only a minor disadvantage. 
As all the B hormone is removable from the crude extract by charcoal, 
it may be that increased yield would result from eluting with phenol 
for a longer time, but it is probable that such a procedure would result 
in an increase in the amount of pressor activity in the final product. 
This point is being investigated further. 


VI. The Kesponse of Xesopvs to vaeiohs B-contaiking 

Extkacts. 

There are two well-authenticated results of treating posterior 
lobe extracts with caustic soda: (a) a greatly increased melanophore- 
expanding potency; (6) a pronounced increase in the duration of the 
response when judged on submaximal responses (Gg. 4) [Hogben and 
Gordon, 1930; Jores eial., 1933-34; Stehle, 1936; Bsttger, 1937]. 

On the data hitherto presented in the literature these two effects 
of caustic soda treatment of pituitary extracts may affect their melano- 
phoric properties in at least four w'ays: 

la) By acting on some constituent of the extract with no melano- 
phoric properties to form B, so that there is an absolute 
increase of B. 

(h) By modification of the extract so that the hormone is less easily 
excreted or destroyed. 

( ) Bv destruction of the pressor autacoid so that the availability 
^ of B to the tissues is increased. 
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(d) By modification of the B molecule itself so that 

(1) the potency of the extract is increased, and 

(2) the rate of excretion or destruction of the autacoid is 

reduced. 

It is convenient to consider these separately. 



Fig. 4. — Completely hypopliysectomised Xenopm. Responses to ox 
posterior-lobe extracts. 

All injections 1 o.c. 15° C. 

— • — untreated aqueous extract. 

— Q — same extract boiled with caustic soda. -J the above dose. 

(a) Absolute Increase in B. 

The view that caustic soda treatment increases the melanophore 
potency of pituitary extracts by causing an absolute increase of B is 
based chiefly on experiments with pituitaries removed from animals 
kept in darkness. Evidence of different workers is contradictory. 
KoUer and Bodewald [1933] claimed that extracts of pituitaries from 
frogs maintained in complete darkness have a lower melanophore- 
expanding potency than similar extracts prepared from frogs main- 
tained under constant illumination. Jores [Jores, 1934; Jores and 
Will, 1934; Jores and Hoeltz, 1936] confirmed this result using both 
saline and weak acid for extraction, but claimed that the difference 
between the two extracts was eliminated by the use of caustic soda 
extraction. He interpreted this in the following way. In darkness the 
precursor to B is present in the pituitary but very little effective B. 
Caustic soda acts on the precursor to produce definitive B. In a more 
recent paper Rodewald [1935] has been unable to confirm Jores’s 
findings. It is clear, of course, that Jores’s findings could equally 
well be interpreted in terms of the destruction of an inhibitive 
substance by caustic soda. 

Kleinholz and Rahn [1940] found no significant difference between 
caustic soda extracts of pituitaries from animals maintained in darkness 
and under constant illumination. They did not make comparable 
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extracts using neutral saline or weak acid. Masselin [1939] found that 
pituitaries from Bufo kept in darkness for 14 days showed an increase, 
in B content but that shorter periods in darkness were mthout effect. 
His experiments with different methods of extraction led him to 
conclude that alkaline, acid, or saline extracts of pituitaries from 
animals kept under like conditions w'ere equal in their B content. 

In the face of such conflicting testimony it is impossible to draw any 
conclusion. Tw'o things may be noted, however: (o) the contradictory 
results are probably due in large measure to unreliable assay methods; 
(6) that even if there is a B-precursor in the gland under certain 
circumstances which can be activated by caustic soda, this can only 
explain the increased expanding power and not the flattened time-effect 
curve. To explain the latter some other effect of the treatment must be 
invoked, e.g. modification of the rate at which the substance injected 
is excreted or destroyed. Alternatively it would be necessary to 
postulate that the newly formed B has properties different from the 
substance normally present in aqueous extracts of posterior lobe. 

(b) Modification of Excretion andjor Destruction Bate of B. 

Whether B is ultimately excreted or is destroyed by the tissues is 
not known. What little evidence exists points to the latter (p. 50). 
If, however, B is passed by the kidney, the presence of renal regulators 
in the injected fluid would be expected to have an important effect 
on the shape of the response curve and perhaps also on the degree of 
melanophore expansion. 

Posterior-lobe extracts injected into unsesthetised animals inhibit 
the flow of urine. Heller [1939-40] has shown that inhibition of diuresis 
is due to a substance present in pressor fractions but separable from 
pressor by its heat resistance. Using Burn’s [1931] apparatus for 
collecting urine, we were unable to detect any anti -diuretic effect in 
caustic-treated {i.e. pressor-free) extracts injected into mice. If renal 
activity enters into these considerations at all, we should expect, in the 
absence of evidence to the contrary, that anti-diuretic activity would 
tend to prolong responses. So if B is excreted by the kidney, treatment 
of the extract with caustic soda would have the opposite effect on the 
time-effect curve to that we obtained (fig. 4). 

(c) Destruction of the Pressor Component. 

When Hogben and Gordon [1930] discovered that caustic soda 
ot only destroyed the pressor activity of extracts but augmented 
their melanophore activity, they attributed the latter effect to the 
increased availability of B to the tissues. Pig. 5 shows that extracts 
r-ontaining as little as ^ of a pressor unit evoke responses significantly 
Afferent from caustic soda-treated pressor-free extracts. Should this 
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amount appear insufficient to have a significant effect on the peripheral 
circulation, the following citation [Hogben, 1927] confirms that ex- 
tremely small doses evoke constriction; “Krogh has shown that 



3?io. 5. — Completely hypophysectomised Xcnopus. To stow the duiatioa o£ 
response evoked by three difierent B-contnining extracts in doses that evoke 
the same rise of index. 

All injections 1 c.c. 16° C. 

— • — Pitressin containing sh International pressor Units. 

— O — oarhon-extracted B. 

— D — whole posterior lobe after treatment with caustic soda. 



Fig. 6. — Completely hypophysectomised Xenopua. 

All injections 1 c.c. 16° C. 

— O — containing ,*5 pressor units. 

— • — containing pressor units. 

visible effects on the capillaries alone are produced when the vessels 
are perfused with a Ringer solution containing a concentration of one in 
a million commercial pituitary preparation. Assuming the latter to be 
a 10 per cent, extract, this represents a dilution of 1 ; 10,000,000 fresh 
glandular substance.” 
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Although subsequent investigation has shovui that the two eSects 
of caustic treatment under consideration are not due to the destruction 
of pressor substance, two things need emphasis: 

{a) Pressor substance in B extracts does have a very marked effect 
on the distribution of B as judged by reading the web of 
Xenopus at different locations. Also large doses of Pitressin 
evoke a macroscopically apparent patchwork of light and 
dark areas in Scyllium [^''aring, 1936]. 

(6) Fig. 6 shows that an increase of pressor substance, together with 
a comparable increase of B, leads to a sharper fall in the 
melanophore index once the response has passed its peak. 


(d) Modification of the B Molecule. 

Jores et al. [Jores and Lenssen, 1933; Jores and WiU, 1934], Bottger 
[1937], and Stehle [1936, 1938] concluded that caustic soda treatment 
modified the B molecule itself. Stehle clearly envisaged the problem 
in the foUorving way. The two effects observed after treatment may be 
due to destruction of the pressor autacoid or to modification of the B 
molecule. He accepted the second interpretation, since caustic treat- 
ment of his ovm B preparation (which has a very low pressor content) 
still brought about the characteristic effects. 

It might be anticipated that some light would be shed on these 
several issues by observing the effect of caustic soda on (a) B extract 
obtained from naturally occurring sources which has no pressor 
activity ; (b) B extracted by carbon from ordinary sources which is also 
substantially free of pressor activity. 


(a) Effect of Caustic Soda on the Besponses evoked by naturally 
occurring Pressor-free B. 


The number of glands which contain B mth Kttle or no pressor 
activity are limited. Some of these are listed on p. 33. For our 
present purpose we selected the posterior lobe of the dogfish. It is not 
definitely known that this gland does not contain any pressor substance, 
but the large dose of 50 mg. dried powder evokes no response in the 
spinal cat [Hogben and de Beer, 1925], The pressor content is there- 
fore at the best only jio of the ox gland powder used in these 


investigations. 

Pogfish glands were removed from anaesthetised fish which had 
been maintained for at least a month prior to operation in an illuminated 
tank in order to eliminate from the gland any precursor which may 
f m in glands of animals in darkness (p. 43). As soon as they were 
ted the glands were placed in excess pure acetone which was 
before storage. 10 mg. of dry po%vder (4 glands approx.) were 
Sd for 15 minutes on a water-bath. After filtration the filtrate 
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(22 c.c.) was accurately divided into two parts. Normal caustic soda 
Avas added to both parts to N/10. One was immediately neutralised 
Avith HCl. • The other Avas heated at 100° 0. for 10 minutes and then 
neutralised. Both samples were boiled and sealed in tubes. Pig. 7 
shows the responses of the same group of hypophysectomised Xenopus 
to injections of these extracts. The data shoAV four things quite 
clearly; (1) Extract boiled Avith caustic soda is four times as potent 
as the untreated extract as measured by the Jieight of the response 
curve ; (2) untreated dogfish extract evokes a similar type of response 



HOURS 

Pio. 7.— Completely hypophysectomised Xenopus. Responses to Dogfish 
posterior-lobe extracts. 

All injections 1 c.c. 15° C. 

— • — untreated aqueous extract. 

— O — same extract boiled with caustic soda. J the above dose. 

to that evoked by untreated ox posterior -lobe extract; (3) extracts 
treated Avith caustic soda, like caustic-treated ox extracts, shoAv a 
much prolonged response; (4) the melanophore index increases more 
rapidly after injection of untreated extract. In this respect it likeAvise 
resembles ox material. 

Before dra-sdng any detailed conclusions from these data Ave made 
comparable experiments with ox posterior-lobe powder. 

A sample not boiled with caustic Avas assayed for pressor content 
using a Dial ansesthetised cat Avith both vagi severed. The equivalent 
of 1 mg. of original powder was found to contain approximately 2 
International pressor Units. The melanophoric properties of the two 
extracts were assayed on the same group of hypophysectomised Xenopus 
previously used. The responses are shoAA-n in fig. 4. As judged by 
the melanophore-expanding potency (as distinct from the shape of the 
time-effect curve), the caustic -treated sample is tAAOce as strong as the 
untreated sample. 

Taken together, the ’ ‘ ■ nd 7 permit us to 
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conclude ( 1 ) that the dearee nf • 

ts not directly proportiLal to thl '' trmlmmi 

irealmenf, P) inoreasedZa Ltf fhT" 

e, II any, pressor properties (dogfish). 


(b) Effect of Caustic Soda on the 7?... 

^ . . Oart^.eZZ OO 

contains a Iowe‘^‘So“cortLtXn‘«‘’ “ *“ • 'P' 

from mammalian posterior lobe preparation derived 

If the increased expanding potencv^n^!?/ treatment, 

curve evoked after caustic freatS of 
are due to the destruction of preTsL if 

expect that injections of our prenarpf ^^en we should 

dissimilar from that evoked bv^aenfS '“"f ^ 

Actually injection in small dosL enoZo ^^austic treatment, 

i/mt of extracts rich in pressor arfiJ/Zl'fi edosely resemhlkg 

ha^ no effect on expanding potency oZLfr^' caustic soda (cold or hot) 
From {b) we can 

are not due primarily to the destn +• ®®®cts of caustic treatment 
Nor arc they doe to alteralion ^ .’’T” “‘'“'^‘5' ■' ™«‘- 

prepared to make the unlikelv pc.,, molecule itself unless we are 
or its subsequent elution vdth nhpf^^ ion that adsorption on charcoal 
IVom (a) we can conclude that pff ^be molecule resistant, 

due to changes which can only tak ^ ^ caustic treatment are not 
present prior to treatment. The pressor substance is 

produced by caustic soda treatmenf nf -I- 

maintained in illuminated tanks tuIpp P^*"^^ries removed from fish 
activated by aM such a, that post«red‘‘by J™.”"" ““ 

pressor substance inevitablv affpnf ° sJiow that ferge amounts of 

tion on the significance of pr«2r 

will only be blown when there ie avaiiaH,™ “cjMophore responses 
which can be used ivith pressor-free B in Z 

aware of only two claims for the prenara+inp r™ amounts. We are 
of a pressor extract free from B [Maei£-thur 

1935]. We carefully repeated JMacArthnr’o ’ Braser, 

unable to agree with him that the finaf 

properties. We are now attempting to prenarp a R f ^ melanophoric 

The fact that caustic soda treatment of our carbon p' f P^®®sor extract, 
its melanophoric properties shows that the verv fff 
pressor substance in this «!ffct does not have a measurablHSet 
In the meantime, we should hie to draw attention to the Siting 
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facts which appear to indicate that pressor substance present in the 
quantities normally injected with general posterior-lobe extracts does 
have a significant effect on the speed at which pallor is resumed after 
injection. The drop in melanophore index after a dose of our new 
preparation which evokes a rise to just over 3, is at approximately the 
same rate as one which evokes a rise to nearly 6 (fig. 8). On the other 
hand, comparison of the time-graphs in figs. 6 and 8 shows that this is 
not the case with pressor-containing extracts. This sharper fall in the 



Fio. 8. — Complotely hypophyseotomised Xenopus. Responses to two different 
doses of carbon-extracted B. The doses were selected by trial to give peak points 
comparable with those in fig. 6. 

All injections 1 c.c. 16° C, 

latter may be due to pressor substance or to some other substance 
present in Pitressin. There is at present no evidence for the latter. 

Following consideration of (a) an alteration of the B molecule, 
(b) the destruction of pressor substance itself or some change which only 
takes place in the presence of pressor substance, (c) the activation of a 
B -precursor as the prime cause of the two effects evoked by caustic 
treatment of general extracts, experiments of another kind were 
undertaken. 

Working on the assumption that there is some component in general 
extracts other than vasopressin or a B-precursor which when treated 
with alkali brings about the changes in potency and duration of 
response under consideration, we dissolved carbon-extracted B in the 
B-free filtrate from which it had been separated and boiled it mth 
caustic soda. No change in melanophoric properties resulted. The 
reason for this was apparent when we examined a second alternative. 

A general ox posterior -lobe extract was boiled noth N/10 caustic soda. 
Carbon was added and the adsorbate eluted with phenol. Injections 
of this extract evoked a response similar to that of caustic -treated 
general extract (f.e. flattened time-effect graph). We attempted 
VOL. xxxr., KO. 1.— 1941. 4 
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conclude (1) that the degree of potentiation wrought by caustic treatment 
is not directly proportional to the pressor content of the extract before 
treatment; (2) increased duration of the response after caustic treatment 
is evinced equally by extracts which previously had a high pressor 
content (ox) and extracts with little, if any, pressor properties (dogfish). 


(b) Effect of Caustic Soda on the Responses evoked by 
Carbon-extracted B. 


The B-containing extract described in this paper (p. 41) probably 
contains a lower pressor content than any previous preparation derived 
from mammalian posterior lobe prepared without caustic treatment. 
If the increased expanding potency and/or the flattened time-effect 
curve evoked after caustic treatment of general posterior -lobe extracts 
are due to the destruction of pressor activity itself, then we should 
expect that injections of our preparation would evoke a response not 
dissimilar from that evoked by general extracts after caustic treatment. 
Actually injection in small doses evokes a response more closely resembling 
that of extracts rich in pressor activity (fig. 5) ; caustic soda (cold or hot) 
has no effect on expanding potency or duration of response. 

Ih-om (b) we can conclude that the two effects of caustic treatment 
are not due primarily to the destruction of pressor activity as such. 
Nor are they due to alteration of the B molecule itself unless we are 
prepared to make the unlikely assumption that adsorption on charcoal 
or its subsequent elution udth phenol renders the molecule resistant. 
From (a) we can conclude that the effects of caustic treatment are not 
due to changes which can only take place when pressor substance is 
present prior to treatment. The fact that the two effects were 
produced by caustic soda treatment of pituitaries removed from fish 
maintained in illuminated tanks rules out a B precursor which can be 
activated by alkali such as that postulated by Jores. 

There is sufficient evidence (p. 46) to show that large amounts of 


pressor substance inevitably affect the response to B. Exact informa- 
tion on the significance of pressor activity in melanophore responses 
^vill only be Imown when there is available a B-free pressor extract 
which can be used with pressor-free B in known amounts. We are 
aware of only two claims for the preparation from ox posterior lobe 
of a pressor extract free from B [MacArthur, 1931; Stehle and Eraser, 
19351 We carefully repeated MacArthur’s prescription, but are 
nable to agree with him that the final product has no melanophoric 
ties We are now attempting to prepare a B-free pressor e.xtract. 
Th fact that caustic soda treatment of our carbon extract does not alter 
> nmlanophoric properties shows that the very small amount of 
bstance in this extract does not have a measurable effect, 
pressor su should like to draw attention to the following 
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facts wbicb appear to indicate that pressor substance present in the 
quantities normally injected Avith general posterior-lobe extracts does 
have a significant effect on the speed at which pallor is resumed after 
injection. The drop in melanophore index after a dose of our new 
preparation which evokes a rise to just over 3, is at approximately the 
same rate as one which evokes a rise to nearly 5 (fig. 8). On the other 
hand, comparison of the time-graphs in figs. 6 and 8 shows that this is 
not the case with pressor-containing extracts. This sharper fall in the 



Fio. 8. — Completely hypophyseotomised Xenopua. Responses to two different 

doses of carbon.extracted B. The doses were selected by trial to give peak points 
I comparable with those in fig. 6, 

All injections 1 c.c. 15° C. 

latter may be due to pressor substance or to some other substance 
present in Pitressin. There is at present no evidence for the latter. 

Following consideration of (a) an alteration of the B molecule, 
(b) the destruction of pressor substance itself or some change which only 
takes place in the presence of pressor substance, (c) the activation of a 
B-precursor as the prime cause of the two effects evoked by caustic 
treatment of general extracts, experiments of another kind were 
undertaken. 

Working on the assumption that there is some component in general 
extracts other than vasopressin or a B-precursor which when treated 
with alkali brings about the changes in potency and duration of 
response under consideration, we dissolved carbon-extracted B in the 
B-free filtrate from which it had been separated and boiled it with 
caustic soda. hTo change in melanophoric properties resulted. The 
reason for this was apparent when we examined a second alternative. 

A general ox posterior -lobe extract was boiled with N/10 caustic soda. 
Carbon was added and the adsorbate eluted with phenol. Injections 
of this extract evoked a response similar to that of caustic -treated 
general extract (i.e. flattened time-effect graph). We attempted 
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quantitative experiments to determine whether carbon extracts from 
caustic -treated extracts also had increased expanding power, but, 
owing to the uncertainty as to whether all the active substance is 
precipitated in apparently comparable experiments, we are at the 
moment unwilling to draw any definite conclusion. 

If the conclusions drawn on p. 48 are well founded, then from these 
last data the following conclusions are permissible: — 

(o) A substance (or substances) other than vasopressin or Jores’s 
B-precursor is present in general posterior-lobe extracts, 
which, after treatment with alkali, modifies the melanophore 
response evoked by B in at least two ways. 

(6) The substance is adsorbed on to charcoal but is not eluted by 
phenol. This follows from the fact that caustic treatment 
of carbon-extracted B alone, or B dissolved in the filtrate 
from which it was separated, has no effect on the melanophore 
response. 

(c) After treatment with caustic soda the substance responsible 
for the increased duration of response is adsorbed on to 
charcoal and eluted by phenol, together with B itself (p. 49). 

Inhibition of B excretion or reduction in the rate of its destruction 
by the tissues would explain the longer duration of the response and 
possibly also the higher melanophore index evoked. While the 
evidence (p. 53) against the renal excretion of B is not sufficient to 
warrant any definite conclusion, we are at present more disposed to 
regard the effects noted as being due to destruction of B in the tissues. 

An alternative to postulating the existence of a substance which 
when alkali treated has the two effects noted, is the hypothesis that 
“pure” B evokes a response of long duration and there exists in general 
extracts some substance other than vasopressin which evokes the 
“steep” recovery. This is untenable, because we should have to 
postulate that this substance is adsorbed on to charcoal. Were this so, 
we should obtain a flattening of the response curve after treatment of 
carbon-extracted B with caustic soda. 

The substance in question may be oxytocin. Hogben and Gordon 
[1930] recorded that caustic soda treatment of Parke Davis Pitressin 
increased its melanophorio properties. Judging from the amounts of 
Pitressin injected by Gaddum [1928], Hogben and Gordon [1930], and 
Hogben and Slome [1931] compared with those injected by us, this 
•nroduct has changed its properties considerably during the intervening 
time We boiled samples of Pitressin with N/IO caustic soda and found 
no increase in potency and no greater duration of response than would 
be explained by the destruction of the pressor properties. 
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VII. The Pate oe B Hormone in the Animal Body. 

Recent work [McLean, 1928; Waring, 1936, 1938; Waring and 
Landgrebe, 1941; Parker, 1936; Abramowitz, 1937; Jores, 1936] 
has shown that B hormone can be detected in the blood. 

Evidence as to whether it is destroyed by the tissues or is excreted 
is less certain. Zondek and Krohn [1932] were unable to detect B in 
urine. Data suggesting that it is excreted in the urine come mainly 
from clinical sources. Van Dyke [1940] in a recent review has stated 
that it can be detected in the urine of normal men and women. Collin 
and Drouet [1933] claimed that urine from normal women the day 
before or on the first day of the menses showed an increased quantity of 
B hormone. They also detected an increased quantity in the urine of 
certain pathological cases in which the pituitary was believed to be 
involved (migraine, pituitary tumours, hyperthyroidism, retinal bleed- 
ing). Numerous authors have claimed an increase during pregnancy 
[Mandelstamm, 1935; Jores, 1936; Bruckmann, 1937], and some have 
even considered that it could be used as a basis for a reliable preg- 
nancy test [e.gf. Dychno, 1936]. This is, however, denied by most 
workers. 

Cunningham-Dax [1938] presented a report on 20 cases of retinitis 
pigmentosa. Urine was made alkaline to litmus, boiled and stored in 
the dark. 0-3 to 1 c.c. were injected into normal pale or decerebrate 
frogs. In some cases isolated skin was immersed in the solutions 
suspected of containing B hormone. All 20 samples evoked expansion 
of the melanophores. Positives were sometimes obtained with isolated 
sidn which, when injected into whole animals, evoked no response. 
Cunningham-Dax also confirmed Collin and Drouet’s observation that 
there is an increase of melanophore stimulant in the urine at the 
beginning of the menstrual period. He obtained negative results from 
the urine of normal people, save under the following circumstances. 
If 3 c.c. instead of 1 c.c. were injected or if the urine was made alkaline 
by addition of 5N caustic soda instead of N/10 caustic soda, then positive 
results were sometimes obtained. We have little confidence in these 
findings, for the reasons previously stated on p. 36. If decerebrate 
implies the complete elimination of endogenous pituitary influence, 
then it would appear that there is present in his series of urines some- 
thing which directly evokes expansion of melanophores. 

Jores and his co-workers [1933-34], in a series of papers on urines, 
made observations which led them to conclude that, when using isolated 
frog skin, a positive reaction may be unspecific. There is one observa- 
tion of Cunningham-Dax which suggested that a reinvestigation of this 
problem might be fruitful if reliable assay methods were available. 
He claimed that after treatment with charcoal the urines of his patho- 
logical cases no longer evoked melanophore expansion. Consequently 
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we bare examined various urines using hypophysectomised Xenopns 
as a test animal. 

A number of fresh urines from apparently normal men and women 
were neutralised and injected immediately into both normal and 
hypophysectomised Xenopus. Most of the samples evoked a slight 
melanophore expansion in normal animals, but only a few had any 
significant effect on hypophysectomised toads. One sample in the 
latter group was very potent, and its injection resulted in the test 
animals remaining dark for 24 hours. We treated large quantities of 
this urine rvith charcoal and found that after filtration the urine was 
stiU as potent as previously. We were not able to extract any active 
principle from the charcoal even though the phenol elution was prolonged 
for 24 hours at 50° C. As a test of method for small quantities of 
hormone, 50 gamma of our standard powder was added to 200 c.c. of 
the neutralised urine. Over 60 p.c. of this 50 gamma was extracted 
when phenol elution was prolonged for 24 hours at 50° C. While these 
tests are not conclusive thej’^ indicate that B hormone is not excreted 
in the urine, and that the melanophore excitant in some urines is 
another substance which affects the melanophores. 

Further attempts to detect B in urine were made on mice and 
toads (jBm/o). 

Immature female mice with the vagina not yet open were placed 
on a wire gauze over a funnel as described by Burn [1931] for anti- 
diuretic assay. Two B preparations were used. The first was a 
highly potent 5 p.c. ox posterior-lobe extract prepared by the method 
of Hogben and Gordon. 2 c.c. of this were injected into each mouse. 
The yield of urine obtained, compared with that from the same animals 
injected with an equivalent bulk of saline, showed that, as measured 
by the bulk of urine produced, the extract had no anti-diuretic activity. 
After neutralisation and concentration the urine wms injected into 
jjjrpophysectomised Xenopus. It evoked no response in the 
melanophores. 

In another experiment 12 mg. of the carbon-extracted material 
described in this paper w'ere dissolved in 12 c.c. distilled water and 
2 c.c. injected into each of 6 mice. No anti-diuretic activity was 
observed and the total yield of urine after 4 hours was concentrated 
and injected into Xenopus. The response was again negative. 

Male Bnfo wdth empty bladders w^ere injected intraperitoneally with 
2 c c distilled water containing 1000 gamma of B powder. Male Bnfo 
were selected so that the results should not be vitiated by fluid pouring 
directly dowm the oviducts. The toads were placed in a dry glass 
vessel to collect the urine. It is our experience that Bufo so treated 
d not urinate for many hours unless stimulated. Urine can be pressed 
but it is more satisfactory to bold the toads over a vessel and apply 

* k stimulus from an induction coil to the body-wmll. This results 
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in an immediate and complete flow of urine. Urine collected 3 hours 
after injection evoked no response when injected into Xenoptis. The 
amount of substance injected into each of the group of 6 mice was 
sufficient to fully darken 2000 Xenopus, and that injected into each _ 
Bxifo was sufficient to darken 1000, 

These results suggest strongly that B is not excreted in the urine. 
The following observations on Eana, Xenopus and Anguilla [Waring 
and Landgrebe, 1941; Waring and Clark, unpublished] lend some 
support to the view that B is destroyed by some substance normally 
present in the tissues. These animals were kept in black tanks -with 
overhead illumination so that the melanophores were fully expanded. 
They were completely pithed and the heart canulated. Physiological 
saline was perfused and the melanophores contracted. B-containing 
extract was added to the perfusate and the melanophores expanded. 
When straight saline was again perfused through the preparation the 
melanophores did not contract. This implies one of two things : either 
the perfusing fluid does not permit the passage of the hormone back 
through the capillary walls, or the first perfusion removed from the 
tissues some substance which normally destroys B. If B hormone 
is not excreted in the urine, it differs in this respect from other pituitary 
autacoids already investigated. The urine of menopausal or ovariec- 
tomised women contains abundant gonadotropic substance which is 
almost certainly of anterior lobe pituitary origin. Jones and Schlapp 
[1936] found that within 20 minutes of injecting vasopressin and oxy- 
tocin into a decapitate cat 86 p.c. of the hormones had disappeared 
from the blood. Some of the loss could be attributed to destruction 
by various body tissues, but 30 p.c. of the vasopressin could be recovered 
from the urine. Larsen [1939] injected posterior pituitary extract 
into cats. About 27 p.c. of the oxytocic principle was recovered from 
the urine. He found that tissue polypeptidases inactivate the oxytocic 
principle. Heller [1940] has shoAvn that anti-diuretic properties are 
not due to pressor autacoid as is generally believed. In a previous 
paper [1939] he showed that blood or liver contains an enzyme which 
destroys the anti-diuretic hormone, but that the latter could be detected 
in the urine up to 30 minutes after injection into the body. 


VIII. The pHYSioLOGicAii R6le of B Hormone. 

It is a significant fact that animals without active chromatophores 
lave a rich store of B hormone in the pituitary and that this substance 
can be detected in the circulation. 

Investigations of the pharmacodynamic influence or physiological 
ro e other than that of the co-ordination of chromatic response up to 
e present time may be considered under two main heads. 
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I. Comparison of the Effects evohed by whole Posterior-lobe Extracts 
{containing B) and. by relatively pure Extracts of B. 

(а) Injections of whole posterior extracts evoke a variety of responses. 
Few of these have a proved physiological significance [Van Dyke, 1940; 
Fisher et al., 1938]. When the list was somewhat smaller and consisted 
of pressor, renal, oxytocic, and melanophore effects, Abel [summarised 
1930] was of the opinion that these were all manifestations of the 
activity of one parent molecule. He considered that fractions con- 
taining a preponderance of one activity over the others were produced 
by the formation of cleavage products. Most authors now accept 
the simpler view that the posterior pituitary manufactures several 
different autacoids. Stehle [1938] has recently reviewed the question 
in detail. Two fractions are in common use — ^vasopressin (Parke 
Davis, Pitressin) and oxytocin (Parke Davis, Pitocin). Well- 
authenticated effects evoked are as follows [for original reference see 
Gelling, 1935; Stehle, 1938; and Van Dyke, 1940]: Pitressin affects 
blood-pressure, renal urine flow, and water balance [see Boyd and 
Hicks, 1940; Dow and Zuckermann, 1939], peristalsis of the lower 
intestine, oxygen consumption, movements of the uterus in. some 
species, expansion of melanophores. Oxytocin evokes constriction of 
uterine muscle, has a depressant action on the blood-pressure of birds, 
arelaxing effect on the coronary arteries, and some melanophore activity. 

Both vasopressin and oxytocin may produce a hyperglycmmia. 
General extracts antagonise the hypoglycsemic action of insulin and the 
hyperglycmraic action of adrenah’n. They have a marked effect on the 
evacuation of milk from the mammary glands [Foley, 1940]. There is 
some evidence that extracts affect the metabolism of lipoids and 
proteins. Various effects have been reported as a result of posterior- 
lobe injection which, in the absence of evidence to the contrary, may he 
taken to result directly from increased blood-pressure or vaso-constric- 
tion [Van Dyke, 1940]. 

Pitressin contains abundant melanophore hormone and pitocin 
little. So if the melanophore substance is responsible for any of the 
recognised effects of whole extracts, these are to be sought in the" first 
place among effects evoked by the former. On the other hand, it is 
conceivable that B is antagonistic to pressor substance, in which case 
no clue to its role would be furnished by this approach. Stehle and 
Fraser [1935] have recently prepared a pressor fraction substantially 
free from B. Its other properties have not been reported on. 

(б) The first systematic attempt to test whether any of these effects 
were due to intermediate lobe hormone were made by Zondek and 
Krohn [1933]- They stated that their product Intermedin does not 

ffect the mobility of the uterus, blood-pressure, bladder or intestine, 
^uresis, blood sugar, glycogen or fat content of liver, basal metabolism. 
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Gaddnm [1928] bad previously shown that caustic-treated (i.e. 
pressor-free) posterior-lobe extracts had no effect on the intestine. 
The relation of B to blood sugar, renal flow, and metabolic rate has been 
reinvestigated by later workers. 

Jores [1935] claimed that injections of melanophore preparation 
produced a fall in temperature and a rise in blood sugar. It seems 
likely, however, that his extract was contaminated, for, quite apart from 
Zondek’s observations. Gelling and Eddy [1928] had previously shown 
that the hyperglycsemia produced by pituitary injection did not occur 
if the extract was treated with alkali, and we know that “ B ” is resistant 
to alkali. Sulzberger [1933, 1935], Bietel [1934], and BGttger [1936] 
have claimed an anti-diuretic effect after injection of melanophore- 
hormone preparations into unansesthetised animals and man, but 
later work [Sulzberger, 1936', Eraser, 1937; and Bbttger, 1937] was 
taken to imply that the effects observed were due to contamination of 
their extracts with pressor substance which until recently was con- 
sidered to be responsible for the anti-diuretic effect of extracts injected 
into unansasthetised animals. Heller [1939, 1940] has now shown that 
the anti-diuretic effect is due to a substance separable from pressor 
autacoid by its heat resistance. Apparently both substances are 
destroyed by caustic soda. Heller attributes the diuresis which accom- 
panies the injection of posterior extracts into anaesthetised animals to 
the pressor autacoid. Although this hypothesis has a rational basis, 
it has not been controlled by injection of B alone. The fact that 
Sulzberger used Intermedin and obtained a result different from Zondek 
and Krohn in regard to diuresis might be taken to imply that other 
statements of these authors would benefit by independent confirmation. 

(c) Posterior -lobe extracts evoke a very definite metabolic effect 
even in the absence of the th 3 rroid. This fact has recently been the 
focus of extensive investigations by Collip et al. [1937-39], Teague 
[1939], and Eeinstein and Gordon [1940]. O’Donovan and CoUip [1938] 
observed an immediate metabolic stimulation in mammals as a result 
of injecting extracts rich in B. The active principle could be •dis- 
tinguished from the thyrotropic, adrenotropic, and growth hormones 
of the A.L.P., and from the pressor and oxytocic principles. It was 
^milar to B in its resistance to alkalies and in its anatomical distribution. 
Teague [1939] observed that preparations rich in melanophore hormone 
obtained from various sources and prepared by different methods vary 
considerably in their effect on oxygen consumption in rats. More 
important still, he found that when one commercial preparation was 
subjected to HCl or tryptic digestion, the product produced even more 
consistent metabolic stimulation than the original extract. Teague 
a so observed occasional stimulation of metabolic rate by injection of 
muscle, liver, and kidney extract. Denstedt and Collip [1940] have now 
agreed that pituitary fractions can be obtained in which the melano- 
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1, Comparison of the Effects evoked, by whole Posterior-lobe Extracts 
{containing B) and by relatively pure Extracts of B. 

(a) Injections of whole posterior extracts evoke a variety of responses. 
Few of these have a proved physiological significance [Van Dyke, 1940; 
Fisher et al., 1938]. When the list was somewhat smaller and consisted 
of pressor, renal, oxytocic, and melanophore effects, Abel [summarised 
1930] was of the opinion that these were all manifestations of the 
activity of one parent molecule. He considered that fractions con- 
taining a preponderance of one activity over the others were produced 
by the formation of cleavage products. Most authors now accept 
the simpler view that the posterior pituitary manufactures several 
different autacoids. Stehle [1938] has recently reviewed the question 
in detail. Two fractions are in common use — vasopressin (Parke 
Davis, Pitressin) and oxytocin (Parke Davie, Pitocin). Well- 
authenticated effects evoked are as follows [for original reference see 
Gelling, 1935; Stehle, 1938; and Van Dyke, 1940]; Pitressin affects 
blood-pressure, renal urine flow, and water balance [see Boyd and 
Hicks, 1940; Dow and Zuckermann, 1939], peristalsis of the lower 
intestine, oxygen consumption, movements of the uterus in some 
species, expansion of melanopbores. Oxytocin evokes constriction of 
uterine muscle, has a depressant action on the blood-pressure of birds, 
a relaxing effect on the coronary arteries, and some melanophore activity. 

Both vasopressin and oxytocin may produce a hyperglycemia. 
General extracts antagonise the hypoglycsemic action of insulin and the 
hyperglycsemic action of adrenalin. They have a marked effect on the 
evacuation of milk from the mammary glands [Foley, 1940]. There is 
some evidence that extracts affect the metabohsm of lipoids and 
proteins. Various effects have been reported as a result of posterior- 
lobe injection which, in the absence of evidence to the contrary, may be 
taken to result directly from increased blood-pressure or vaso-constric- 
tion [Van Dyke, 1940], 

Pitressin contains abundant melanophore hormone and pitocin 
little. So if the melanophore substance is responsible for any of the 
recognised effects of whole extracts, these are to be sought in ther first 
place among effects evoked by the former. On the other hand, it is 
conceivable that B is antagonistic to pressor substance, in which case 
no clue to its r61e would be furnished by this approach. Stehle and 
Fraser [1935] have recently prepared a pressor fraction substantially 
free from B. Its other properties have not been reported on. 

(b) The first systematic attempt to test whether any of these effects 
■were due to intermediate lobe hormone were made by Zondek and 
TTrohn ri933]- They stated that their product Intermedin does not 
ff ct the mobility of the uterus, blood-pressure, bladder or intestine, 
auresis, blood sugar, glycogen or fat content of liver, basal metabolism. 
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In addition to the investigations cited there are a few miscellaneous 
reports which do not faU into either of the above categories. Holm- 
quist [1934] and lores and Beck [1934] reported that repeated injection 
of B -containing extracts resulted in hypertrophy of the adrenal cortex. 
Quite apart from the fact that their extracts may have been con- 
taminated with A.L.P., it is known from the wotk of Preston [1928], 
Deanesly [1930], and Hoerr [1931] that a wide variety of substances 
evoke cortical hypertrophy. Dietel [1934] has described capillary 
dilatation following treatment with melanophore hormone. 


Other Possible Correlations with B Hormone Activity. 

In spite of the extent and variety of the investigations referred to, 
exploration of the physiological role of B is still far from complete. 
The lines of investigation summarised above are by no means exhausted. 
In addition, there are suggestive data of another kind which have 
received little or no attention ; for example — 

(a) Judging by the method of preparation, most anterior pituitary 

extracts are contaminated to some extent %vith B. The 
latter may possibly play a significant part by acting 
synergistically with, or antagonistically to, the dominant 
autacoid of the extract. 

(b) Waring [1936 6] described a seasonal variation in the B content 

of the pituitary of Rana. Masselin [1939] has since confirmed 
this for Bufo. In Rana there is a sharp fall in potency of 
extracts prepared at about the middle of March. This 
correlation between a change of pituitary B content and the 
peak of sexual activity suggests that they may not be 
unrelated, 

(c) MacCallum et al. [1935], in a detailed post-mortem description 

of a 25-year -old female who exhibited symptoms of a typical 
Cushing syndrome, concluded that the pituitary tumour 
present was derived from pars intermedia cells. They point 
out that, if the symptoms result from the enlargement of 
the pars intermedia, they may be due either to compression 
of the anterior lobe or to enlargement of the intermedia as 
such. They consider the former to be unlikely, because other 
cases in their experience exhibited greater compression of the 
, anterior lobe without evincing any of the symptoms noted. 

( ) A prospect of great potential interest is opened up by the 
observations of Sumner and Boudoroff [1938] on the mortality 
of fish maintained on different backgrounds. They obtained 
clear-cut evidence that fish kept for long periods on a 
b ack background with overhead illumination showed a 
ugher incidence of a fatal baciUiary infection than similar 
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pliore iiormone and metabolic principle do not parallel one another. 
Feinstein and Gordon [1940] concluded “that though significantly 
increased metabolism is occasionally seen after the injection of similarly 
prepared extracts of liver, the data appear sufficient to -warrant the 
conclusion that the pituitary does contain a metabolic principle -which 
cannot be obtained from similarly prepared extracts of liver.” These 
authors' give no details of the pituitary extracts used. While the 
existence or otherwise of a specific metabolic stimulant in the pituitary 
is of undoubted importance, Teague’s [1939] observation that the 
metabolic stimulation is still present after tryptic digestion furnishes 
unequivocal evidence that the substance is not B. 


2. Potential Effects due to the fact that B controls Ilelanophore 

Activity. 


(a) Jores [1933] claimed that there was a migration of pigment 
after the instillation of B-containing extracts into the human eye, and 
the "vision of the treated eye was thought to show more rapid dark 
adaptation than the control [Jores and Hotop, 1934], Their findings 
were not confirmed by Buschke [1934] using material supplied to him 
by Jores. Jores also claimed that there is an increased B level in the 
blood of rabbits in the dark. While tins may be taken as supportive 
e-vidence for the first claim, it is so dififerent from the condition hold- 
ing in Amphibia that it requires confirmation. Jores and Csesar [1935] 
also claimed that pigment in the retina of the frog’s eye assumes the 
dark position at a more rapid rate if the eye is treated with a solution 
of B. But hypophysectomy does not alter the movement of retinal 
pigment in response to light or darkness in either frogs [Jores and 
Cmsar, Matuo, 1935] or toads [Okamato, 1937]. There is clearly too 
much actual and implied contradiction in these observations to draw 
any conclusion. Our general objection to all Jores ’s work is that -ae 
are not satisfied that his assay methods are adequate or his extracts 


pure enough. 

(b) Eecently '[Fostvedt, 1939-40] there has appeared suggestive 
e-vidence for the participation of the melanophore hormone in melanin 
formation. Indirect support for this is furnished by the fact that when 
chromatically active animals are maintained for long periods on an 
illuminated black background (i.e. when exposed to maximum con- 
centration of effective B) there is an absolute increase in melanin, and 
on a white background an absolute loss [summary, Sumner, 1940]. 

^ Teague [1939] has pointed out that oxygen is utilised in the tjTOsine- 
>n-osinase oxidase system in the production of melanin in vitro. 
^"'"<^vedt showed this system is accelerated by melanophore hormone. 
rZ+li^ccurs in vivo it may be the basis for the observed increase of 
^ ^^umption after injection of pituitary extract. 
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caustic, is adsorbed by charcoal, and is now eluted, together with 
melanophore-dispersing hormone, by phenol. This substance may be 
oxytocin. 

8. Since the alterations brought about bycaustic treatment (para- 
graph 6 above) in the melanophoric properties of an extract depend on 
the effect of the alkali on some pituitary constituent other than B, 
quantitative estimations of the B content of pituitary substance or of 
body fluids {e.g. blood) cannot furnish reliable data if caustic soda is 
used in the preparation of the extracts injected into the test animal. 

9. Evidence is presented to substantiate the view that melanophore- 
dispersing hormone is not passed by the kidney but is destroyed in 
the tissues. We were unable to detect the presence of B hormone in 
the urine of normal human beings. 

10. Recent findings on the physiological role or pharmacodynamic 
effect of B hormone, other than the co-ordination of chromatic response, 
are briefly reviewed. 
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fisb on a white background. Since in their experiments no 
extraneous substances, e.g. paint, were in contact -with the 
water, adequate oxygenation was provided, and the fish in 
both containers consumed approximately the same quantity 
of food, it appears probable that a sustained high level of B 
in the circulation may bring about a condition specially 
favourable to the multiplication of at least one kind of 
bacillus. 


IX. Summary. 

1. The optimum source for the manufacture of melanophore 
hormone (B hormone) is the posterior lobe of the pituitary, provided 
that the pressor and oxytocic autacoids can be removed without 
recourse to caustic soda treatment. 

2. Previous methods of assaying melanophore activity are criticised, 
and the advantages of hyqjophysectomised Xenopus Icevis as a test 
animal are emphasised. 

3. A provisional unit of melanophore activity is proposed. 

4. A new and rapid method is described for the preparation of B 
extracts which are substantially free from pressor substance (less than 
1 unit of pressor activity in 4000 melanophore units) and oxytocin (less 
than 1 unit in 40,000 melanophore units). The final product in powder 
form keeps indefinitely and may be standardised on a weight basis 
with fair accuracy. 

6. The preparation of B-containing pituitary extracts is examined 
in detail. The oxytocic, pressor, and melanophore principles from 
posterior-lobe extract are adsorbed by active charcoal. In 1 hour 
25 p.c. of the melanophore activity can be eluted from the charcoal 
with pure water-free liquid phenol. In this time little or no vasopressin 
and oxytocin are eluted. 

6. The role of caustic soda, hitherto widely used to remove pressor 
and oxytocic properties from B-containing extracts, is explored. Caustic 
soda treatment of general extracts modifies the melanophoric properties 
in at least two ways; (o) the melanophore-expanding potency is 
increased; (6) there is an increased duration of the response when 
sub-maximal doses are injected. 

7 Differences in the response curves of hyqpophysectomised Xenopus 
to caustic treated and untreated whole pituitary extracts are not 
primarily due to the destruction of the pressor activity. In crude 
^osterior-lobe extracts there is a substance other than pressor auta- 
oid or B-precursor which, after treatment with caustic, modifies the 
melanophore response evoked by B hormone in the two ways noted, 
Th‘ substance is adsorbed on to charcoal from untreated extracts but 
• t eluted in 1 hour by phenol. After treatment of the general 
^ caustic soda this substance, presumably modified by 
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CHANGES IN THE SECRETORY ACTIVITY OF THE GASTRIC 
GLANDS RESULTING FROM THE APPLICATION OP 
ACETIC ACID SOLUTIONS TO THE GASTRIC MUCOSA. 
By B. P. Babkin, Catherine 0. Hebb, and Lijise Kbhegee. 
From the Department of Physiology, McGill University, Montreal, 
Canada. 


{Received for publication 2nd April 1941.) 

Several theories have been advanced to explain the mechanism of 
the regulation of the acidity of the gastric juice. They range from the 
purely physiological, such as that the concentration of acid in the 
juice depends on the strength of the stimulation applied to the glands, 
to the purely physico-chemical, such as that the variations in the 
gastric acidity are due to a simple exchange of ions between the gastric 
contents and the blood. Nevertheless the problem of the regulation of 
the gastric acidity is still far from solution. An interesting study by 
the late Professor V. V. Savich and co-workers stimulated us to return 
to the investigation of this problem. 

Working on dogs with a Pavlov or a Brestkin-Savich (innervated) 
gastric pouch, Gorbunova, Lebedinskala and Savich [1933] demon- 
strated that, after the introduction into the main stomach of 300 c.c. 
of 1 per cent, acetic acid, there was a marked change in the secretory 
response of the pouch to ingestion of milk or of a 5 per cent, solution of 
Liebig’s Extract, or to a rectal injection of 6 per cent, alcohol. On the 
day after the administration of acetic acid, when the pouch secretion 
was tested in any of the above-mentioned ways, it was found that the 
secretion was diminished in volume and that it contained much mucus 
and had a lower acidity. On the third day the mucus content of the 
secretion was reduced, but the acidity of the juice still remained below 
normal. These experiments showed that the acetic acid acted not 
only on the mucous membrane with which it came in direct contact 
blit also on the mucosa of an isolated pouch par distance', that is, 
the important fact established by Gorbunova, Lebedinskaia and 
Savich was that as a result of the introduction of acetic acid into 
the main stomach the juice secreted by the pouch was diminished 
in volume and altered in composition. That was what interested us 
most in this work. For a number of years it has been held in our 
laboratory that the variations so often occurring in the composition of 



62 Intermediary Lobe Pituitary Hormone 

Sulzberger, M. B. (1936). Klin. Wschr. 15, 489. 

Sumner, F. B. (1940). Biol. Rev. 15, 351. 

Sumner, F. B., and Doudoroff, P. (1938). Proc. Nat. Acad. Sci. Wash. 24, 463. 
Swingle, W. W. (1921). J. exp. Zool. 34, 119. 

Teague, R. S. (1939). Endocrinology, 25, 953. 

Teague, R. S., Noojin, R. 0., and Geiung, E. M. K. (1939). J. Pharmacol. 
65, 115. 

Trendelenberg, P. (1929). Die Hormone. Springer, Berlin. 

Valso, j. (1934). Klin. Wschr. 13, 1819. 

Van Dyke, H. B. (1926). Arch. exp. Path. Pharmah. 114, 262. 

Van Dy'KE, H. B. (1936). The Physiology and Pharmacology of the Pituitary 
Body. Univ. Chicago Press. 

Van Dyke, H. B. (1940). The Physiology and Pharmacology of the Pituitary 
Body. 2nd Edition. Univ. Chicago Press. 

Waring, H. (1936 a). Proc. Trans. Liverpool Biol. Soc. 49, 17. 

Waring, H. (1936 b). Ibid. 49, 65. 

Waring, H. (1938). Proc. Roy. Soc., B, 125, 264. 

Waring, H. (1940). Ibid. 128, 343. 

Waring, H,, and Landgrebe, F. W. (1941). J. exp. Biol. In press. 
Zondek, B. (1935). J. Amer. Med. Assoc. 104, 637. 

Zondek, B., and ELrohn, H. (1932). Klin. Wschr. 1293. 



Changes in the Secretory Activity of the Gastric Glands 65 

solution lost was replaced and the experiment continued. In one of the dogs 
with cesopliagotomy and a gastric fistula the effect of introduction into the 
stomach of 2-2 per cent, lactic acid was also tested. Control experiments were 
performed before and for several days after administration of the acid solutions. 

The total and free acidities of the gastric juice were determined by titration 
with -02 N solution of NaOH, phenolphthalein and Topfer’s reagent being used 
as indicators. The total chloride was estimated by Wilson and Ball’s [1928] 
modification of Van Slyke’s method and the values were expressed in milli- 
eguivalents per litre. For the determination of the peptic power Nirenstein 
and Schiff’s modification of Mett’s method [Hawk and Bergeim, 1937] was 
employed. To determine the amount of mucus in the gastric juice, samples 
were centrifuged for 5 minutes at constant speed and the volume of the 
sediment measured. 


Results. 

The results of experiments on two of the dogs with cesopliagotomy 
and a gastric fistula (Dogs K and T) are shown in Tables I. and II. 

Tabie I. 

Dog K (dog with cBsophagotomy and a gastric fistula). =0'6 mg. of histamine 
phosphate injected subcutaneously. Sh.F.=5 minutes’ sham-feeding with meat. 
In the experiments in which acetic acid solution was previously introduced into the 
stomach, histamine was injected or sham-feeding performed 20 minutes after the 
stomach had been emptied of the acetic acid. In the experiments of Deo. 18 and 
Jan. 15 the dog vomited part of the acetic acid solution, which was collected and 
re-introduced into the stomach. 


Date 

of 

oxpt. 

Stimulus. 

Volume 
of gastric 
Boorotion, o.c. 

Mucus 

content, 

c.o. 

Free 

acidity, 

m.eq./I. 

Total 

acidity, 

ra.eq./l. 

Total 

Cl concent., 
m.eq./l. 

Peptic 

power, 

Mett units. 

Remarks. 

Dec. 11 

H. 

66-5 

0-6 

131 

143 

164 

33 


„ 13 

H. 

80-7 

1-1 

133 

146 

169 

33 










1 Before histamine administration. 

„ 18 

H. 

58-2 

13'4 

45 

69 

137 

15 

J 250 c.c. 1 per cent, acetic acid 









1 introduced into stomach for 









[ 2 hrs. 26 min. 

20 

H. 

60-9 


133 

142 

167 

20 


Jan. 8 

Sh.F. 

65-8 


124 

142 

166 

200 


.. 10 

Sh.F. 

39"4 

2-8 

120 

137 

166 

208 










iBefore sham-feeding, 200 e.c. 

„ 15 

Sli.F. 

91-2 

11-0 

54 

7G 

1R7 

5D 

1 1 per cent, acetic acid intro- 









1 duced into stomach for 2 hrs. 









[ 26 mm. 

„ 17 

Sh.F. 

55-1 

3-5 

122 

137 

167 

200 










fBofore sham-feeding, 100 c.o. 

M 23 

Sh.F. 

41-3 

11-9 

7i 

92 

150 

96 

•( 1 per cent, acetic acid intro- 









[ duced into stomach for 1 hr. 


Dog K (Table I.). — In all the experiments where variable amounts 
of 1 per cent, acetic acid solution were previously introduced into the 
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the juice are due cliiefly to changes in the secretory activity of 

J cellular groups which form part of the gastric elands 

[cf. Babkin, 1931, 1934, 1938 a and b]. A good means of testintr this 
theory was offered by acetic acid, a stimulant which is capable of 
altering the functional activity of the gastric mucosa. Such an 
investigation was the more desirable since Gorbunova, Lebedinskaia 
and Sayich did not determine systematically the total chloride, neutral 
chloride and pepsin of the gastric juice, all three of which are extremely 
important components of the secretion. For this reason, it may be 
remarked, their theory that the secretion of water and the secretion of 
acid by the gastric glands are two distinct functions would require 
further investigation. 


Methods. 

The experiments were all of the chronic type and were performed on fire 
dogs, K, T, B, C, and H. Dogs K, T, and B were oesophagotomised dogs 
provided with a metal gastric fistula. Dogs K and B were otherwise perfectly 
normal animals. In Dog T (for special reasons unconnected with this work) 
all the gastric arteries were tied and cut on Aug. 3. [This procedure has been 
carried out on several dogs in our laboratory by Drs. J. C. Armour and D. E. 
Webster (results not j^et published), who showed that it does not interfere with 
the secretory function of the gastric glands when they are stimulated by sham- 
feeding or histamine. Even a week or two after the ligature of the arteries 
the secretory response to either stimulus was almost normal.] The 
experiments with acetic acid on Dog T were started on Sept. 24, 62 days after 
the operation. 

The secretion of gastric juice was stimulated in the dogs with oesophago- 
tomy and a gastric fistula by sham-feeding with meat for 6 to 15 minutes or 
by subcutaneous injection of histamine, and the direct effect of previous 
administration of acetic acid on the reflex phase of gastric secretion was 
studied. In Dog C, which was equipped with a Pavlov pouch and a metal 
fistula in the main stomach, acetic acid solution w-as introduced into the main 
stomach and the secretory response of the pouch to a test-meal of meat or to 
rectal injection of 200 c.c. of 5 per cent, ethyl alcohol was studied. Dog H 
was provided with a Bickel pouch (i.e. one deprived of aE extrinsic innerva- 
tion) and a metal fistula in the main stomach. In this animal the effect of the 
introduction of acetic acid into the main stomach was reflected on the secretory 
function of the denervated pouch during the second (or pyloric) and third 
(or intestinal) phases only. 

In all these animals from 100 to 300 c.c. (according to body-weight) of a 
1 per cent, solution of acetic acid were introduced through the metal fistula 
into the stomach and kept there for from two to three hours, after which the 
stomach was emptied and the sham-feeding or other gastric stimulus applied. 
Usually about one-fifth of the acetic acid solution was recovered from the 
stomach; the rest passed into the duodenum and was presumably absorbed. 
In a few experiments the dogs vomited a smaU amount of the acetic acid 
solution. In such cases the experiment w-as discontinued, or the quantity of 
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obtained uniform results. Undoubtedly acetic acid, on being applied 
locally to the gastric mucosa, caused a great secretion of mucus, whereas 
in control experiments, if there was no secretion of gastric juice before 
histamine administration or sham-feeding, a scanty amount of mucus 
mixed with acid was discharged from the gastric fistula. The volume 
of this secretion of mucus was 0-2 to 0-6 c.c. per 15 minutes. After the 
administration of acetic acid the volume of mucoid secretion (in the 
interval between the emptying of the stomach of acid solution and 


Tabix: II. 

Dog T {dog with cesophagoiomy and a gastric fistula). — H. ^subcutaneous injection 
of histamine phosphate. Sh.F.—5 minutes* sham-feeding with meat. In the 
experiments in which acetic acid solution was previously introduced into the 
stomach, histamine was injected or sham-feeding performed 16 minutes after the 
stomach had been emptied of the acetic acid. In the experiments of Oct. 2, 
Oct. 10, and Nov. 1 the dog vomited about 60 c.c. of the acetic acid solution, which 
was re-introduced into the stomach. 
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stomach and allowed to remain there for different periods of time, the 
subsequent response of the gastric glands to histamine administration 
or to sham-feeding ■nith meat was uniformly altered. The gastric juice 
now differed from the normal "histamine” or "sham-feeding” juice 
in the follovtang respects : — 

(1) There was a great increase in visible mucus, {U.B . — The mucus 

content of the normal sham-feeding juice is usually greater 
than that of histamine juice.) 

(2) The free and total acidities were much reduced. 

(3) The total chloride concentration was reduced. 

(4) The peptic power of both the sham-feeding and the histamine 

juice was diminished. 

The volume of the secretion provoked by sham-feeding or by histamine 
was diminished after the application of acetic acid in most of the experi- 
ments, as we shall see later. However, in some cases, as in the ex- 
periment of Jan. 15 (Table I.), it was increased. Since this was an 
experiment involving sham-feeding, there was one factor — ^the appetite 
of the animal — ^which was difficult, if not impossible, to control. 
Nevertheless, in spite of the greater volume of secretion in this 
experiment, the free and total acidities, total chloride concentration, 
and concentration and total output of pepsin were lower than in the 
control experiments {e.g. experiments of Jan. 10 and 17), where the 
volume of secretion was only about half as large. A very instructive 
comparison may be drawn between this and the histamine experiments 
of Dec. 18 and 20, where the volumes of secretion in the control and 
the test experiments were practically equal (viz. 60-9 c.o and 58’2 c.e.). 

Dog T (Table II.). — The experiments on this animal fully confirm 
the results obtained on the previous dog (K). Various doses of 
histamine were tried in order to produce a volume of gastric secretion 
equal to that of the control experiment, but the volume of the secretion 
in all the histamine experiments after the application of acetic acid was 
less than in the corresponding control experiments. Although in one 
of the sham-feeding experiments (Oct. 2) the acetic acid markedly 
diminished the volume of secretion, in another (Oct. 10) the inhibition 
was doubtful. This cannot be ascribed to the occasional vomiting of 
a small amount of acetic acid solution, because vomiting occurred in 
other experiments (Oct. 2 and Nov. 1) and yet there was no increase in 
the volume of secretion. In the same experiment (Oct. 10) there wms a 
less marked reduction of the peptic power of the juice obtained after 
the preliminary introduction of acetic acid into the stomach than in the 

^ ‘ment of Oct. 2. We did not try to analyse this fact because our 
X centred on changes in the acidities and the concentration 
^ f chffiride in the gastric juice and in the secretion of mucus by the 

f • mucosa under the influence of acetic acid. In that respect in 
^11^ ” ht of the acetic acid experiments on the two dogs, K and T, we 
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ments on Dog K, in which the gastric secretion was stimulated by the 
same dose of histamine injected subcutaneously with and Muthout 
preliminary treatment with acetic acid. In all other experimen s e 
same relations were observed, the difference between the vo ume o 
mucus secreted in control experiments and that secreted in experimen s 
in which acetic acid was previously introduced into the stomach being 



Fio. 1. — ^The eSect of previous introduction of acetic acid solution into the 
stomach on the gastric secretory response to sham-feeding with meat in a dog with 
ossophagotomy and a gastric fistula. 

less marked when the stimulus was sham-feeding than when it was 
histamine. 

Dog B . — ^Prolonged experiments were performed on Dog B, also an 
cesophagotomised dog with a gastric fistula. The after-effects of a single 
introduction into the stomach of a 1 per cent, solution of acetic acid or 
of a 2-2 per cent, solution of lactic acid were studied in the case of each 
acid for several days. Fig. 1 illustrates a typical experiment which 
lasted 7 days. The gastric secretion obtained by 15 minutes’ sham- 
feeding with meat was collected every day. Control observations had 
been made on the first two days and then on the third day 300 c.c. of 
1 per cent, acetic acid solution were introduced into the empty stomach. 
After 2 hours and 25 minutes the gastric contents (47 c.c.) were removed 
through the opened fistula. Half an hour later sham-feeding with 
meat was performed in the usual manner. The effect of the acetic 
acid was striking. The volume of secretion diminished on the day 
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the beginning of sham-feeding or injection of histamine) was many times 
greater than that of the control for the same length of time. The 
following are the average figures for this mucoid secretion in all the 
experiments in •which acetic acid was introduced in the two dogs:— 



Volume 

Free 

Total 

Total 

Pepiic 


per 15 min., 

acidity. 

acidity. 

Cl. concent., 

power, 

Hjiiimi 

c.c. 

m.eq./l. 

m.eq./l. 

m.eq./l. 

Mett iinits. 

DogK . 

5-9 

23-7 

56-9 

125 

38 

DogT . 

2-9 

14-7 

29-5 

122 

83 


It will be noted that in Dog T the acidities and the concentration of 
the total chloride w^ere lower and the peptic power somewhat higher 
than in Dog K. 

During the course of the secretion induced by sham-feeding or 
histamine, the secretion of mucus, large at the beginning, gradually 
diminished (the first samples of gastric juice always contain more 
mucus), 3Sre"certheles8 the total and free acidities and the total chloride 
even in the last samples of gastric juice obtained by sham-feeding or 
histamine after administration of acetic acid ■u'ere much lower than in 
the control experiments. Thus the lowering of the acidity and of the 
total chloride content did not depend only on the admixture of mucus 
with the gastric juice. Some other factors presumably also played an 
important part in this phenomenon. 

The reaction of the gastric glands to the irritating effect of acetic 
acid is illustrated in Table III., which shows the results of two experi- 


Table III. 


Bog K: Expt. Bee. II. — Gastric 
secretion in response to subcutaneous 
injection of 0-6 mg. histamine phos- 
phate. 


Dog K: Expt. Dec. 18 .— Gastric 
secretion in lesponse to subcutaneous 
injection of 0-6 mg. histamine phos- 
phate after preliminary introduction 
of acetic acid into stomach. 
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acetic acid had left the stomach and the gastric secretion of the pouch 
had ceased. Acetic acid itself elicited from the Pavlov pouch a secretion 
of 5 to 8 c.c. of gastric juice, having a somewhat lower concentration of 
total chloride (152 to 158 m.eq. per litre), and usually a lower free 
acidity (86 to 94 m.eq. per litre) and total acidity (105 to 110 m.eq. per 
litre) than the secretion in control experiments with meat. The con- 
centration, and often the volume of mucus in the pouch secretion, was 
increased, while the peptic power of the juice was moderate. In the 



Mucwft 
volume 
ct/3 hrs 


1.0 


0.9 


0 e 

0 7 
06 
05 

0 4 


Volume 
average 
cc tS hrs. 

10 

9 

8 

7 

t> 

5 

4 
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Fig. 2. — ^The effect of previous introduction of acetic acid solution into the 
mam stomach on the socrotoiy response of a Pavlov pouch to a test-meal of 

meat in a dog. 


fifth series, after the introduction of acetic acid solution into the 
stomach, 200 c.c. of 6 per cent, alcohol were injected into the rectum 
and the gastric secretion was collected from the pouch. 

The facts observed by Gorbunova, Lebedinskala and Savich were 
confirmed, viz. that after the introduction of acetic acid into the main 
stomach the Pavlov pouch responded to a test-meal of meat or to a rectal 
injection of alcohol with a smaller gastric secretion, containing a greater 
amount of mucus and possessing a lower acidity and a lower total 
chloride concentration. No marked changes were noted in the peptic 
activity of the juice. 

Fig. 2 represents one of a series of typical experiments. The greatest 
depression of the curves for the total chloride concentration, for both 
ftee and total acidity and for volume of the secretion, occurred on 
Oct. 6, the day after administration of acetic acid. This coincided 
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that the acetic acid was administered (Nov, 25) and continued reduced 
until the fourth day, after which it began to rise. The volume of 
visible mucus was five times greater after acetic acid on the day of its 
administration. In some of the samples of juice collected on that day 
it formed half of the fluid. The volume of mucus fell sharply the next 
day and the following day returned to normal. The total chloride 
concentration and the free and total acidities were markedly reduced 
on the day that acid was administered; they all returned practically 
to normal within the next two days (Nov, 26 and 27). A peculiar effect 
of acetic acid administration on the peptic power of the juice was 
observed in this dog. Both the concentration and the output of pepsin 
rose sharply, remained high for four days, and then began to fall. 
The results of this experiment leave no doubt that the changes in the 
composition of the gastric juice were due to the increased activity of 
the mucus-producing and perhaps of some other glandular cells caused 
by the acetic acid, and not to the diminished volume of the gastric 
secretion. 

The introduction into the main stomach of 300 c.c. of 2-2 per cent, 
lactic acid in the same dog had a somew’-hat different effect on the 
gastric secretion elicited by a subsequent sham-feeding of meat. 
The yolume of secretion was not diminished, but on the first day tended 
to rise slightly. The volume of mucus secreted was tripled or quad- 
rupled on the day of introduction of the lactic acid, but diminished 
thereafter. Correspondingly the concentration of total chloride and 
the total and free acidities fell slightly on the first day, but next day 
had already returned to normal or almost normal. No definite effect 
was produced by the lactic acid on the concentration and output of 
pepsin in the sham-feeding secretion. 

Doff C {Pavlov-'pouch Dog). — Gorbunova, Lebedinskaia and Savich 
(l.c.) observed that the introduction of 300 c.c. of 1 per cent, acetic 
acid into the main stomach of dogs with an innervated gastric pouch 
elicited from the pouch a scanty secretion containing a great amount of 
mucus. On the second day, 100 c.c. of 6 per cent, ethyl alcohol were 
administered per rectum, which produced from the pouch a secretion of 
gastric juice having a low acidity and a high mucus content. On the 
third day alcohol was again injected and produced from the pouch a 
secretion in which the mucus content was practically normal bat the 
acidity still low. 

We repeated these experiments of Gorbunova, Lebedinskaia and 
Savich on a dog with a Pavlov pouch. Five series of experiments, 
each series lasting several days, were performed on this animal. In 
four series 300 gm. of minced beef, alone or mixed with 200 c.c. of water, 
were used as a test-meal. About 2 to hours before the meat was 
200 or 300 c.c. of 1 per cent, solution of acetic acid were intro- 
duced into the main stomach. By the end of this period most of the 
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acetic acid had left the stomach and the gastric secretion of the pouch 
had ceased. Acetic acid itself elicited from the Pavlov pouch a secretion 
of 5 to 8 c.c. of gastric juice, having a somewhat lower concentration of 
total chloride (152 to 168 m.eq. per litre), and usually a lower free 
acidity (86 to 94 m.eq. per litre) and total acidity (105 to 110 m.eq. per 
litre) than the secretion in control experiments with meat. The con- 
• centration, and often the volume of mucus in the pouch secretion, was 
increased, while the peptic power of the juice was moderate. In the 



flverflge 
CC./3 fifS. 

10 

Q 

8 

7 

0 

5 

t 

4 


FiO. 2. — ^The effect of previous introduction of acetic acid solution into the 
main stomach on the secretory response of a Pavlov pouch to a test-meal of 

meat in a dog. 


fifth series, after the introduction of acetic acid solution into the 
stomach, 200 c.c. of 5 per cent, alcohol were injected into the rectum 
and the gastric secretion was collected from the pouch. 

The facts observed by Gorbunova, Lebedinskaia and Savich were 
confirmed, viz. that after the introduction of acetic acid into the main 
stomach the Pavlov pouch responded to a test-meal of meat or to a rectal 
injection of alcohol with a smaller gastric secretion, containing a greater 
amount of mucus and possessing a lower acidity and a lower total 
chloride concentration. No marked changes were noted in the peptic 
activity of the juice. 

Fig. 2 represents one of a series of typical experiments. The greatest 
depression of the curves for the total chloride concentration, for both 
free and total acidity and for volume of the secretion, occurred on 
Oct. 6, the day after administration of acetic acid. This coincided 
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Muth the highest concentration of mucus in the juice (Oct. 4, 
7-4 per cent.; Oct. 5, 18'5 per cent.; Oct. 6, 20-0 per cent.; and Oct. 7, 
5-5 per cent.), although the total volume of mucus on Oct. 6 was 
somewdiat less than on the day that acetic acid was administered. 

These effects of acetic acid were also quite marked during the 
late afternoon gastric secretion, provoked by a second feeding of 
the animal after the cessation of the secretion on meat. The second 
meal consisted of oatmeal porridge (100 g. of oatmeal cooked in 
200 c.c. of milk and 100 c.c. of water, wdth the addition of 1 g. of 
sodium chloride) and the gastric juice from the pouch was collected 
over a period of 6 hours. The following data were obtained on the same 
days that the main experiment (shown in fig. 2) was performed : — 


Date. 

Volume, 

c.c. 

Free 

aciditj"-, 

m.eq./l. 

Total 

acidity, 

m.eq./l. 

Mucus 
content, 
per cent. 

Remarks. 

Oct. 4 

350 

121 

137 

8-1 


„ 6 

lS-0 

94 

115 

25-0 

Acetic acid solution intro- 






duced into naain stomach 

» 6 

6-4 

44 

64 

54-2 

in the morning. 

» 7 

12'0 

83 

104 

31-0 



It is evident from both series of experiments that the greatest 
depression of the pouch secretion and the proportionally greater content 
of mucus w'ere observed not on the day of acetic acid administration 
but on the following day. 

These experiments, in confirmation of the data of Gorbunova, 
Lebedinskaia and Savich, show that, when a solution of acid is intro- 
duced into the main stomach, it acts not only on the gastric mucosa 
with which it comes in direct contact but also in some unknown way 
on the mucosa of the Pavlov pouch, which is completely separated from 
the main stomach. However, the effect of preliminary administration 
of acetic acid on the volume and the composition of the histamine or 
sham-feeding gastric secretion par distance in the Pavlov-pouch dog 
was not so immediately noticeable as had been its local effect in the 
oesophagotomy dogs, although in the former it seemed to last somewhat 

longer^ig^^ be objected, in regard to the experiments involving sham- 
f eding or ingestion of meat, that the animals perhaps lost their appetite 
fter administration of the acetic acid solution and that this may have 
ffpcted the volume and the composition of the gastric secretion. T ' - 

supposition is invalidated by the experiments on the Pavlov-pouch 
in wdiich gastric secretion was provoked by the rectal mjectio ' 
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200 c.c. of 5 per cent, ethyl alcohol before and after introduction into the 
main stomach of 300 c.c. of 1 per cent, acetic acid (Table IV.). 

Tadi,b IV. 

Dog G {Pavlov -pouch Dog ). — Illustrating tlio effect of previous introduction into 
the main stomach of 300 c.c. of 1 per cent, ocotic acid solution on tlio pouch secretion 
elicited by rectal injection of 200 c.c. of 5 per cent, othjd alcohol. In the experi- 
ment of Feb. 3 acetic acid was kept in tho stomach for 3 hours ; alcohol was injected 
30 minutes after the stomach had been emptied of acid. With the exception of 
those for total volume of secretion and percentage of mucus, tho figures represent 
the average per hour of secretion. 


Date 

of 

e-vpi. 

Stimulus. 

Total 

volume, 

c.c. 

Average 

volume, 

c.c./lir. 

Mucus 
content, 
per cent. 

Free 

acidity, 

m.oq./I. 

Total 

acidity, 

m.eq./l. 

Cl 

concent., 

m.eq./t. 

Peptic 

power, 

Mett 

units. 

Fob. 2 

Alcohol 

0-5 

3-2 

2-1 

■■ 

132 

164 

74 

Fph sj 

Acetic acid 

8-2 

2-7 

2-4 

Bn 

122 

157 

80 


Alcohol 

8-6 

2-8 

6-3 


108 

153 

52 

Fob, 4 

Alcohol 

10-3 

3-4 

3-5 

u 

110 

154 

144 


Dog H {Dog with Bickel Pouch ). — The secretory response of the 
Bickel (denervated) pouch to a meal consisting of 100 g. of meat 
mixed with 200 c.c. of water was much less affected by previous intro- 
duction of acetic acid into the main stomach than was that of a normally 
innervated stomach or pouch. The variations in the volume of fluid 
and of mucus and in the different constituents of the juice (fig. 3) 
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M'ith the highest concentration of mucus in the juice (Oct. 4, 
7-4 per cent.; Oct. 5, 18-5 per cent.; Oct. 6, 20-0 per cent. ; and Oct. 7, 
5-5 per cent.), although the total volume of mucus on Oct. 6 was 
somewhat less than on the day that acetic acid was administered. 

These effects of acetic acid W'^ere also quite marked during the 
late afternoon gastric secretion, provoked by a second feeding of 
the animal after the cessation of the secretion on meat. The second 
meal consisted of oatmeal porridge (100 g. of oatmeal cooked in 
200 c.c. of milk and 100 c.c. of water, with the addition of 1 g. of 
sodium chloride) and the gastric juice from the pouch was collected 
over a period of 6 hours. The following data were obtained on the same 
days that the main experiment (shown in fig. 2) was performed; — 


Date. 

im 

Free 

acidity, 

ta.eq./J. 

Total 

acidity, 

m.eq./l. 

Mucus 
content, 
per cent. 

Remarks, 

Oct. 4 

35-0 

121 

137 

8-1 


» 5 

U-0 

94 

115 

23-0 

Acetic acid solution intro- 
duced into main stomach 
in the morning. 

6 

6-4 

44 

64 

64-2 


7 

12-0 

83 

104 

31-0 



It is evident from both series of experiments that the greatest 
depression of the pouch secretion and the proportionally greater content 
of mucus were observed not on the day of acetic acid admim'stration 
hut on the following day. 

These experiments, in confirmation of the data of Gorbunova, 
Lebedinskaia and Sardch, show that, when a solution of acid is intro- 
duced into the main stomach, it acts not only on the gastric mucosa 
with which it comes in direct contact but also in some unknown way 
on the mucosa of the Pavlov pouch, which is completely separated from 
the main stomach. However, the effect of preliminary administration 
of acetic acid on the volume and the composition of the histamine or 
ham-feeding gastric secretion par distance in the Pavlov-pouch dog 
not so immediately noticeable as had been its local effect in the 
hagotomy dogs, although in the former it seemed to last somewhat 


^^^T^might be objected, in regard to the experiments involving sham- 
r rl • or ingestion of meat, that the animals perhaps lost their appetite 
iCadministration of the acetic acid solution and that this may have 
J , A the volume and, the composition of the gastric secretion. This 
affected jj^^^lidated by the experiments on the Pavlov-pouch dog 

supposition was provoked by the rectal injection of 
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mucus by the gastric mucous membrane in response to the application 
of acetic acid solution. 

Already one of us [Babkin, 1929] has emphasized the importance 
of the part played by the mucous cells of the neck in the regulation of 
the acidity of the gastric juice. Hollander [1934] called the secretion 
of ail the cells of the gastric glands other than the acid-producing ceils 
a ‘‘diluting secretion,” or ‘‘alkaline component,” and supposed it to 
have a chloride concentration of about 100 m.eq. per litre— -that is, 
lower than that of the acid secretion of the parietal cells. Some 
clinicians — Kalk [1932], Katsch [1933], Maclagan [1934], and others — 
consider that the level of the acidity of the gastric juice depends on 
the activity of the ‘‘mucous cells of the neck,” which produce a neutral, 
watery secretion. To wdrat extent the diminution of the acidity after 
the administration of acetic acid was due to actual neutralization of 
the hydrochloric acid of the gastric juice, and to what extent to dilu- 
tion by excessive secretion of the surface epithelium cells and mucous 
cells of the neck, we are unable to say. It is true that in many of our 
experiments the activity of the parietal cells was diminished, as 
evidenced by the diminished volume of the gastric secretion, and the 
activity of the mucous and mucoid cells increased. In other experi- 
ments, in spite of a practically normal secretion of visible mucus, both 
the free and the total acidity were low. However, this fact cannot be 
explained by Rosemann’s [1907] theory that the parietal cells are capable 
of producing bydrocbloric acid in varying concentrations, because in 
our experiments with diminution of the acidity of the juice the con- 
centration of total chloride likewise diminished (cf., for example, the 
data in Table III.). This fact refutes one of the fundamental postulates 
of Rosemann’s theory, namely, that the concentration of total chloride 
in the gastric juice remains constant, but that the relative amount of 
chloride combined with H ion or with Na ion varies. It seems to point 
to the admixture of the parietal secretion with a secretion possessing a 
lower chloride concentration. 

One other point has to be mentioned. The data here presented 
are not in agreement with the ‘‘diffusion theory” of Teorell [1933, 
1935, 1939, 1940] concerning the regulation of the gastric acidity. 
According to Teorell the hydrochloric acid of the gastric juice is diffused 
into the gastric mucosa or the blood and is exchanged against sodium 
chloride i.e. Na ions replace the H ions and neutral chloride is formed. 
The theory was based on experiments on cats, in which a very small 
amount (usually 3 to 5 c.c. — maximum 10 c.c.) of an acid of known 
concentration was introduced into the stomach, and samples of gastric 
juice were taken for chemical analysis every 15 minutes for 
hours. We do not dispute Teorell’s facts. We consider, however, 
that the conditions necessary for the exchange of the ions of an acid 
solution which is present in the stomach occur rarely under normal 
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seem to indicate that the acetic acid after it had left the stomach stiU 
affected somewhat the secretion of the isolated pouch. However, it is 
to be noted (1) that these variations were slight; (2) that in many 
control experiments the volume of secretion and especially the volume 
of mucus, which is abundantly produced by this kind of pouch, under- 
went analogous variations; and (3) that the figures for pepsin con- 
centration in the Bickel-pouch juice are in general so small that the 
observed variations signify very little. Neverthless one fact is clear, 
namely, that in this type of experiment the lowest free and total acidities 
coincided with the highest content of mucus in the juice. 

Unfortunately, as there was no other dog in the laboratory with a 
Bickel pouch and a gastric fistula, this type of experiment could not be 
repeated on another animal. 


Discussion. 

The experiments we have reported confirmed the observation of 
Gorbunova, Lebedinskaia and Savich [1933] that the introduction of 
acetic acid into the main stomach affects the character of the gastric 
secretion of a Pavlov pouch. They also indicated clearly that the 
secretory activity of different histological components of the gastric 
mucosa must receive due consideration in any discussion of the regula- 
tion of the acidity of the gastric juice. The introduction of acetic acid 
solution into the stomach was used as a means of stimulating chiefly 
one group of epithelial cells of the gastric mucosa, namely, those pro- 
ducing mucus or a mucoid secretion. Acetic acid, whether acting 
directly on the mucosa or at a distance, produced a secretion of mucus 
greater than normal, which was accompanied by a diminution in the 
acidity of the gastric juice and in most cases by a slight diminution in 
the total chloride concentration. The lowering of the acidity was due not 
to the diminished rate of secretion but to the increased mucus content of 
the juice, as may be seen from fig. 1 (Nov. 25 and 26 — sham-feeding with 
meat) and also from Table IV. (Feb. 2 and 4 — rectal administration of 
alcohol). By “mucus” we do not mean only visible mucus in the form 
of lumps and threads, which could be centrifuged, and the amount of 
which merely serves as an indication of the changes in the production 
of the “mucoid secretion.” It is very probable that not only is a 
certain amount of neutral or alkaline fluid secreted by the mucous cells 
of the gastric glands along with the gastric “mucus,” as was shown by 
Florev [1931] 1° occur in the case of the colonic mucus, but there is 
bother large group of cells in the gastric mucosa, namely, the mucous 
^ 1 ief) cells of the neck, which also are able to produce a neutral or 

iLfine mucoid secretion. Integrity of the vagal innervation of the 
t mach seems to be an important factor in the increased production of 
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a much lesser degree in a Bickel-pouch dog, the introduction of acetic 
acid into the main stomach in these cases influencing the secretory 
activity of the pouch par dislanca. 

3. Evidence is advanced that the lowering of the acidity and of the 
total chloride concentration of the gastric juice in these experiments 
was due to the neutralizing and diluting effect of the mucoid secretion, 
an excessive production of which was caused by the introduction of 
acetic acid into the stomach. 

We are greatly indebted to hlrs. Olga Komarov for her help in a 
number of these experiments. 
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circumstances. They may occur perhaps when an exceedingly small 
amount of gastric juice remains for some reason in a resting or very 
feebty secreting stomach for a considerable time. However, Teorell’s 
explanation, if accepted in toto, implies that gastric mucus possesses no 
acid-binding capacity, which does not agree with the data obtained in 
this investigation. In our experiments the gastric juice never stagnated 
either in the whole stomach or in a pouch, but was able to flow freely 
through the fistula. Thus, for instance, in the sham-feeding experi- 
ments, both on the day of administration of acetic acid and on the day 
after (fig. 1 — ^Nov. 25 and 26) the rate of secretion was the same, being 
more than 60 c.c. per hour, yet the total and the free acidity and the 
chloride concentration of the juice differed greatly on the two daj^s. 
Tables I. and II. show that in some of the experiments in which acetic 
acid had been administered the volume of the gastric secretion was 
greater than in the control experiments, and yet the acidity of the 
juice was lower in the former than in the latter. To explain this 
phenomenon according to the “diffusion theory,” the fact of the greater 
secretion of mucoid fluid must be completely ignored and an additional 
hypothesis must be introduced, namely, that the acetic acid increased 
enormously the ability of the gastric mucosa to exchange the ions of 
the juice. Even if this assumption were correct, it would not provide 
an adequate explanation for many of our experiments. Thus, for 
example, in the Pavlov-pouch dog, in which the acetic acid did not 
come in direct contact with the pouch mucosa, the greatest depression 
of the activity occurred not on the actual day of administration of the 
acid but on the following day, when the mucus content was high and the 
total chloride concentration was particularly low (see fig. 2). 

The problem of the regulation of the gastric acidity is a complicated 
one, as the present experiments plainly show. For the study of this 
problem it is essential to have a thorough understanding of the secretory 
activity of the various cellular groups which form the gastric glands and 
mucosa, including a knowledge of the composition of the secretion from 
each group of glandular cells, and of the mode or modes of regulation 
of the secretory process in each group. 

Summary. 

1 In do"s with cesophagotomy and a gastric fistula, 1 per cent, 
ceti'c acid solution, introduced into the stomach and kept there for 
2°to 2i hours, greatly affected the secretory response to subsequent 
1 -feeding 'with meat or subcutaneous injection of histamine, 

Wishing the volume of the gastric secretion, lowering the total 
chh)ride concentration and the free and total acidities, and increasing 

the^content^of mucus.^ts ^i^t^ined in a Pavlov-pouch dog and in 
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The view that absorption of toxic substances from damaged tissues, 
particularly muscle, caused shock received prominence as the result 
of clinical and experimental evidence collected during the last war. 
It was suggested that a substance, either histamine or something 
similar, might he liberated from the tissues by injury and absorbed 
into the blood stream, causing general capillary damage and subsequent 
circulatory collapse [Cannon, 19233. Since that time doubt has been 
cast on the interpretation put on the experimental and clinical 
observations. 

It has further been suggested that during tissue autolysis substances 
might be liberated which could produce a shock-like state when 
absorbed into the blood stream. Moon [1938], summarising the 
experimental evidence, concluded that there were good grounds for 
the conception of a toxic cause of shock, and one of his postulates was 
that autolysing tissues liberated some substance causing circulatory 
collapse. Mason and Davidson [1924-25 a and 6], having found that 
crude heparin preparations were toxic to man, investigated the toxicity 
of liver to dogs and discovered that when portions of liver were 
excised and left in the abdominal cavity a shock-like state was pro- 
duced and death supervened in 15 to 20 hours. They obtained similar 
results -with pieces of spleen [1924-25 c]. At post-mortem they noted 
that the implanted hver was chocolate colour and full of gas, but they 
did not make bacteriological investigations. Later [1924—25 6] they 
showed that saline extracts of fresh tissues were toxic when injected 
intravenously and that a similar extract of liver “autolysed” in vivo 
in the peritoneal cavity of one dog was toxic to another. 

Ellis and Dragstedt [1930] repeated the implantation experiments 
and confirmed the findings of Mason and Davidson, but they regarded 
the condition as a bacterial toxaemia rather than a toxaemia due to the 
absorption of autolytic products. They pointed out that most workers 
had been quite unable to obtain adult tissues (usually liver) free from 
bacteria, and that the organisms appeared to be normal saprophytes. 
Accordingly, they implanted foetal livers obtained by Caesarean section 
and here they found no toxic effects, although the eventual absorption 
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and confirmed the findings of Mason and Davidson, but they regarded 
the condition as a bacterial toxsemia rather than a toxaemia due to the 
absorption of autolytio products. They pointed out that most workers 
had been quite unable to obtain adult tissues (usually liver) free from 
bacteria, and that the organisms appeared to be normal saprophytes. 
Accordingly, they implanted fostal livers obtained by Cassarean section 
and here thej’^ found no toxic efiects, although the eventual absorption 
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of the pieces of liver was evidence that antolysis had occurred. Mason 
and Lemon [1932] freely admitted the presence of a gram-positive 
sporing organism in liver pulp, but thought nevertheless that it was an 
autolytic product from the liver which caused death, by inducing a 
chemical peritonitis and excessive loss of fluid into the peritoneal 
cavity. With Nan, Mason [1935] again presented the “autolytic” 
rather than the “bacterial” toxin as the factor responsible on the 
evidence that cultures of the liver orgam’sm could be injected without 
causing symptoms, but since death or survival ran parallel with the 
presence or absence of organisms he admitted that bacterial action 
might accelerate the production of “autolytic” toxin. Moon [1937] 
found that 5 g. per kilo of minced muscle intraperitoneally was lethal 
to dogs, but did not mention whether bacteria were found post-mortem. 
He later [1938, p. 280] found that from 1 to 3 g. per kilo of liver killed 
6 out of 10 guinea-pigs in 5 to 14 days, while larger doses of 3 to 5 g. 
per kilo killed all of 25 animals in a few days. On the other hand. 
Parsons and Phemister [1930] excised the right rectus abdominis 
muscle from 3 dogs, and returned it to its sheath in 1 and to the 
abdominal cavity in 2 without producing any toxic symptoms. 

Andrews and Hrdina [1931] implanted pulped liver but, as a pre- 
liminary, they incubated it for 24 hours and then autoclaved it for 
40 minutes. Death ensued, and large numbers of gram-positive 
anaerobic bacilli were present in the pulp at post-mortem, while the 
abdominal cavity contained gas and much free fluid. This result was 
obtained in both dogs and rabbits. In a second series of experiments 
fresh liver^was pulped and autoclaved and inserted immediately; 4 
out of 6 animals died with similar bacteriological findings. An intra- 
peritoneal injection of 30 c.c. of a litmus milk culture of Cl. %velclm, 
however, did not kiU, and the peritoneal cavity was sterile 4 days later. 
The authors suggested that a substance liberated from liver pulp 
increased the permeability of the gut wall to organisms. Dvorak [1931], 
after a long series of similar experiments on dogs, concluded that death 
was due to bacterial action and not to the autolysis of the implanted 
liver. Saltzmann [1932] claimed that ground-up fiver put into the 
peritoneal cavity of the rat caused peritonitis but did not kill, although 
bacteria were present in the implant and in the host’s liver. Auto- 
claved fiver did not produce any reaction. Two dogs were killed in 
6 and 16 hours respectively by 100 g. of liver, and here the bacterio- 
logical cultures were sterile, Saltzmann did not agree with Andrews 
and Hrdina that bacteria emerged from the gut, but thought that 
death was caused by the absorption of some toxic protein autolysate — 

“albumose.” Trusler, Reeves, and Martin [1935] inserted liver 

autoclaved on excision and after various periods of incubation. They 
k their results to indicate that death of the animals was associated 
th concomitant or previous bacterial contamination of the implanted 
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liver or autolysate even when the peritoneal cavity was sterile at post- 
mortem. They found it necessary to praetise excessive, as opposed to 
ordinary, surgieal asepsis in order to avoid eontamination from the sldn 
or muscles of the abdominal wall. They obtained no evidence that 
death from “chemioal” peritonitis, Avhether produced by incubated and 
autoclaved tissues or, for example, by bile salts, was associated with 
increased passage of bacteria from the intestine to the peritoneum. 
Bo3'^ce and McFetridge [1937] gave a good review of previous Avork and 
repeated mueh of it with great care. Ellis and Dragstedt’s experi- 
ments with foetal liver were only confirmed for small amounts — 35 g. 
had no effect in the peritoneal cavity of a dog, but 70 g. caused illness, 
and 150 g. death in 24 hours. Unfortunately no bacteriological 
tests were performed in this experiment; nevertheless, in most of those 
that they record, liver implantation Avas associated with the presence of 
gas-producing anaerobic organisms. They Avere of the opinion that 
death of their dogs was associated Avith autolytic produets, but that 
gas bacillus infection vms an important additional factor. 

Wolbach and Saiki [1909] demonstrated that bacteria could often 
be groAvn from dogs’ livers (21 out of 23 dogs). Reith [1926] exhaus- 
tively revieAved the literature on organisms in living tissues and con- 
firmed by his own work their frequent presence in three different species. 
Berg, Zau, and Jobling [1926-27] found the same organism as Wolbach 
and Saiki. Gage [1930-31] found a gram-negative spore-bearing bacillus 
in 34 out of 40 dogs’ livers, 6 having gram-positive organisms in addition. 
Trusler and Reeves [1934] found gram-positive anaerobic organisms in 
the liver and muscle of healthy dogs, not Gl. welchii and not exotoxin 
producers. Recently Mason and Hart [1939-40] haAm described a 
“Welch-like bacillus” in the human liver. Wilson and Roome [1936] 
noted that the muscles in dogs’ legs, both normal and after constriction 
by a tourniquet for some hours, contained an anaerobic gas-forming 
bacillus. 

While there is universal agreement that bacteria can be cultivated 
from various tissues — the liver in particular — even when the strictest 
possible bacteriological technique is employed for obtaining the tissues, 
there is little concurrence as to the t3rpe of organism, except the negative 
one that it is probably not Cl. welchii. The difficulty in interpreting 
the numerous experiments on autolysis of liver and other tissues in 
vivo resides in that of assessing the importance of these gas-producing 
anaerobes. Their importance might lie firstly in producing a toxin, 
and secondly in producing powerful enzymes, especially proteases, 
more active than autolytic enzymes in breaking up liver tissue. That 
such enzymes do in fact come from these organisms Avas shoAAoi by 
Jackson [1909 a and 6] when he investigated chemical changes in 
excised livers a sterile liver decomposed much more slowly than a 
contaminated one. 
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According to some French authors there is an increase in the poly- 
peptides of the blood folloudng trauma and burns [Fiessinger, 1934, 
who re\dews the French literature, and Duval, Roux, and Goiffon, 1934], 
They consider these polypeptides to be toxic, but produce no evidence 
that this is so. !fitienne-Martin [1938] considers that there is no 
evidence that the polypeptides are toxic, and quotes his own and some 
Italian experiments, to which he refers in support of this. He considers 
it possible that lipid fractions of autolysis may be toxic. 

It appeared to us desirable to determine whether some of the con- 
flicting evidence could be resolved, and if possible to establish whether 
autolysis in the absence of bacterial contamination can cause death 
with shock-like changes. 


ExPEBmENTAt. 


The great majority of previous experiments have been done by 
implanting material in the peritoneal cavitj’’, and it might be objected 
that the absorption into the blood stream of toxins was considerably 
less effective from this cavity than from, say, damaged muscle. How- 
ever, the lymphatic absorption from the peritoneal cavity is particularly 
effective through the lymphatics of the diaphragm, which are freely 
permeable even to such large particles as blood corpuscles. In addition, 
direct absorption into the blood stream is considerable, so that if death 
is not caused by the presence of toxins in the peritoneal cavity it is not 
likely to occur from their presence, in similar amounts, in damaged 
muscle. 

In most of our experiments, therefore, intraperitoneal transplanta- 
tion was done on rabbits, and on some rats, cats, and guinea-pigs. 

Aseptic precautions such as those usually employed in surgical 
procedures were taken, gloves and masks being worn, and aU instru- 
ments, cloths, etc., carefully sterilised. 

In the first series liver and leg muscle was removed from rabbits 
ancesthetised with ether. The tissue was usually ground very finely 
in a sterile Latapie mincer before insertion into the peritoneal cavity 
of the host. During this procedure the material was exposed to air, 
and during the actual insertion with a spatula it touched the skin of 
the host. Dosage was measured in c.c. of the pulped tissue. It was 
soon apparent that if a sufficient dose of liver or muscle was inserted 
the host died, but that in the dead animals much gas was found in the 
autolysing tissues, and considerable amounts of blood-stained fluid 
were always present in the peritoneal cavity. Table I. gives a resume 


of the results. . u- i 1 1 ,-. - j 

A second series was done m which 4 rabbits were given a dry diet 

f and after operation and 3 given greens ad lib. before and after 
t' n Red-cell counts were made on blood from an ear vein. It 
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will be seen from Table II. that a considerable hsemoconcentration 
occurred, though one animal with a hajmoconcentration of +62 per 
cent, and another with + 44 per cent, survived. 


Table I. — Insertion of Chopped Tissue into the Peritoneal Cavity. 


Rabbit 

no. 

Tissue inserted. 

Dose 

per Idlo, c.c. 

Hours before 
death, at least. 

P.M. 

Baot. or gas. 

6 

Liver. 

5 

18 

+ 

7 


2-5 

24 

+ 

8 


1-26 

Survived. 


9 

Muscle. 

5 

1* 


10 

if 

2-6 

ft 


11 


1-25 

ff 


24 

Liver. 

10 

29 


15 


4-3 

21 


16 


2 

Survived. 


25 

Muscle. 

25 

21 

+ 

17 


9 

Survived. 


18 

>> 

4 

ft 


44 

Liver. 

10 

15 

+ 

45 

Muscle. 

20 

15 

+ 


Table II. — Dry Diet after Operation. 


Rabbit 

no. 

Tissue 

inserted. 

Dose per 
kilo, c.c. 

R.B.C., 
per cent. 

Hours 

before death, 
at least. 

P.M. 

Bact. or gas. 

27 

Liver. 

10 

+ 40 

20 

+ 

28 

ff 

10 

+ 34 

20 

+ 

29 

Muscle. 

20 

+ 20 

21 

+ 

30 

ff 

20 

+ 12 

21 

+ 

Greens ad lib. after operation. 




33 

Liver. 

10 

+ 62 

Survived. 


34 

Muscle. 

20 

+ 44 



35 

ff 

20 

*• 

17 

+ 


In the next series of animals boiled or autoclaved minced tissue was 
inserted. Though the result was not completely clear-cut there was 
evidently a better survival rate than when the tissues were not heated. 
It is possible that the sterilisation was not effective in every case 
(Table III.). 

A series of experiments was then carried out in which the minced 
tissue was placed in cellophane tubes. The sacs had a diameter of 
1-75 cm. and were about 12-14 cm. long. The ground material was 
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placed in them, both ends being tied off securely so that no leakage 
occurred. The object of this procedure was to determine whether any 
toxic substance of small molecular size was given off from the autolysing 
tissue and to try to keep any bacterial gro'wth confined to the inside of 
the sac. As was subsequently shown, the precautions against bacterial 
contamination were at first not adequate in these experiments. 


Table III. — Insebtion of Boiled ob Autoclaved Mixced Tissue. 


Babbit 

no. 

Tissue inserted. 

Dose 

per kilo, c.c. 

Hours before 
death, at least. 

P.M. 

Bact. or gas. 

19 

Liver. 

7 

Survived. 


20 

Muscle. 

8 



38 

Liver. 

10 

Killed — ^peritonitis. 

+ 

39 


12 

Survived. 


40 

Muscle. 

23 

20 


41 

fS 

21 

. Survived. 



In the first two experiments when death occurred the sacs were 
tightly blown up with gas, and free fluid contaminated with bacteria 
filled the peritoneal cavity (Table IV.). 


Table TV. — ^Insertion op Tissue in Cellophane Sacs. 


Rabbit- 

no. 

Tissue inserted. 

Dose 

per kilo, c.c. 

Hours before 
death, at least. 

P.M. 

Bact. or gas. 

52 

3 sacs muscle. 

20 

164 

+ 

53 

2 sacs liver. 

10 

Moribimd and 

+ 




killed in 18 hours. 



In the next series toluene w'as added to the material in the sacs in 
the hope of keeping down the bacterial growdh. Precautions were also 
taken to prevent the external surface of the sac being soiled in any 
-vsray, and it was protected by a glass tube during its insertion into the 
peritoneal cavity. As a preliminary two rabbits each had 2 sacs 
implanted, containing in one rabbit 45 c.c. saline and 0-5 c.c. toluene 
and in the other 35 c.c. saline and I-O c.c. toluene. These rabbits 
exhibited no disturbance whatever. 

From Table V. it will be seen that all but one of 6 rabbits survived. 
The sacs of the rabbit which died were full of gas and many bacilli 
were present and there was free fluid in the peritoneal cavity. 

Several days after implantation the remainder of the sacs were 
removed and found to be flaccid, no gas having developed in them. 













Tissue Autolysis and Shock 85 

On the other hand, autolysis, judged from tlio appearance of the minced 
liver and muscle, was not advanced. 

Experiments were therefore done to determine the effect of toluene 
and other antiseptics on liver autolysis. 

For experiments uith toluene and chloroform a rabbit liver was 
extracted and handled with the usual precautions to avoid contamina- 
tion. The liver was ground in a Potter and Elvehjem “Homogeniser” 
[1936], and portions of the fine “brei” were pipetted into sterile bottles. 


Table V. — ^Insertion of Sacs containing Saline and Toluene. 


Eabbit no. 

Tissue inserted. 

Hours before 
death, at least. 

56 

2 sacs each with 46 

c.c. saline -t- 0-5 c.c. 

Survived. 


toluene. 



57 

2 sacs each with 36 c.c. saline + 1 c.c. 



toluene. 



Insertion of Tissue and Toluene in Sacs. 

Babbit no. 

Tissue inserted. 

Dose 

per kilo, c.c. 

Hours before 
death, at least. 

59 

2 sacs muscle. 

30 

Survived. 

60 

ii t * 

30 

>> 

61 

** 

30 

>> 

62 

>» ff 

27 (Sac full of 
bacilli P.M.) 

18 

63 

2 sacs liver. 

12 

Survived. 

64 

tf *f 

12 

» 


An equal volume of 10 per cent, trichloracetic acid was added immedi- 
ately to one of these, as a control. The others were incubated ivith 
shaking, alone and in the presence of toluene or chloroform, for 16 hours. 
There was no evidence of gas production in any of the bottles, and the 
contents were sterile. Only in the case of the material incubated 
without toluene or chloroform was there noticeable liquefaction. These 
samples were then also mixed with an equal volume of 10 per cent, 
trichloracetic acid and centrifuged together with the control. The 
increase in amino nitrogen on incubation, determined in 1 o.c. portions 
of the filtrates by the method of Van Slyke, was taken as a measure of 
the relative extent of autolysis. The results, which are summarised in 
Table VI., show that in the presence of toluene the amount of auto- 
lysis was about 60 per cent., and in the presence of chloroform only 
about 10 per cent, of that of the untreated liver. 

It was subsequent^ found that Jackson [1909 6] had observed great 
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slowing of autolysis when toluene or chloroform was added to liver, 
and the use of toluene for the purpose of ensuring the absence 
of bacterial action was made even less attractive through tie 
observation of JVIiss B. Schoental that growth of Vibrion septique 
occurred in normal broth, containing ascorbic acid, which had been 
covered by a layer of toluene. 


Tabi® VI. 


Sample. 

Mg. amino N, 
per c.c. liver. 

Increase on 
incubation 
mg. amino N,. 

1. Fresh liver ..... 

1-3 


2. 5 c.c. liver + 0-5 c.c. toluene incubated 
16 hours. 

2-2 

0-9 

3. 5 c.c. liver -t-0'1 c.c. toluene incubated 
16 hours. 

2-3 

1-0 

4. 5 c.c. liver + 0-5 c.c. chloroform incu- 
bated 16 hours. 

1-5 

0-2 

5. S e.o. liver incubated 16 hours . 

3-2 

1-9 


Attempts were then made to find an antiseptic which would allow 
liver autolysis to proceed normally while suppressing the anaerobes 
whose presence had been found to be associated, in the transplantation 
experiments with rabbits, with the death of the animal. Quinanii 
(1 : 1000) and merthiolate (1 : 5000) were found to be unsatisfactorj'. 
After 18 hours incubation in their presence, samples of liver which had 
been handled without aseptic precautions were heavily infected with 
gas-producing organisms. The following experiments, however, showed 
that acriflavine was a suitable substance. A rabbit fiver was removed 
without aseptic precautions and homogenised. Portions were then 
incubated in test tubes, alone and in the presence of acriflavine (1 : 1000 
and 1 : 2000) for 44 hours. The tubes were then set up in duplicate 
and the samples incubated both aerobically and anaerobically. In the 
tubes without acriflavine there was considerable production of gas and 
a characteristic repulsive smell, but not in the others. An examination 
of smears of the contents of the tubes showed that welchii-like organisms 
had growTi profusely in both tubes having no acriflavine, but were 
absent from the others. All the latter contained streptococci, but 
these were scanty in the tubes with the higher concentration of acri- 
flavine The amount of autolysis under different conditions was 
measured, by the method of Van Slyke, as previously described, and 
the result’s are given in Table VII. The figures show that considerable 
tolvsis occurred in the presence of acriflavine, when the growth of 
anaerobes had been suppressed. The amount of autolysis was similar 
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under aerobic conditions. It was about 76 per cent, of that of untreated 
infected liver when tlie latter had been incubated anaerobically and 
90 per cent, when the incubation was aerobic. 


Table VII. 


Sample. 

Incubation. 

Mg. amino 
Nj per 
c.c. liver. 

Increase on 
incubation 
mg. 

amino Nj. 

1. 5 c.c. fresh liver ..... 


1-1 


2. 6 c.c. fresh liver +0'6 c.c. acriflavine 

. . 

1-1 

. . 

3. 5 c.c. liver +0-5 c.c. acriflavine (1 : 100) . 

Aerobic. 

7-4 

6-3 

4. 5 c.c. liver + 0’26 c.c. acriflavine (1 : 100) 

if 

7-2 

6-1 

6. 6 c.c. liver + 0-5 c.c. acriflavine (1 : 100) . 

Anaerobic. 

7-2 

6-1 

6. 6 c.c. liver + 0-25 c.c. acriflavine (1 : 100) 

if 

6-8 

6-7 

7. 6 c.c. liver ...... 

Aerobic. 

7-7 

6-6 

8. 5 c.c. liver ...... 

Anaerobic. 

9*2 

8-1 


Table VIII. gives the results of injecting liver digests made in 
vitro, with and without the addition of acriflavine. No precautions 
were taken to exclude bacteria during digestion. The digests were 
filtered through a Seitz filter just before injection into the peritoneal 
cavity. All the animals receiving acriflavine digests survived, while 
2 out of 3 receiving the “plain” digest died quickly with gas present 
in the peritoneal cavity, and the third died after 6 days from what 
appeared to be tetanus. 


Table VIII. — Intbaperitonbal Injection op Autolysates op Liver. 


Rabbit 

no. 

Tissue inserted. 

Dose per 
kilo, c.c. 

Autolysed. 

Hours before 
death, at least. 

86 

87 

Seitz-filtered, acriflavine. 

1 . „ plain. 

75 

76 

1 40 hrs. 

Survived. 

ff 

88 

if if 

plain. 

70 

1 24 hrs. 

Died 15 hrs. 

89 

if if 

acriflavine. 


SxuYived. 


ti if 

acriflavine. 


1 24 hrs. 


91 

ff ff 

plain. 

60 

Killed 18 hrs. 


Menldn [1936, 1938 a, b, c] noted that pus had in it a substance 
“leukotaxin” which caused increased permeability of blood capillaries. 
Duthie and Cham.[1939] found that fibrin and also a number of purified 
proteins digested by pepsin contained a polypeptide which had also 
this permeability increasing property. Of all proteins tested, gelatine 
digests were found to contain least of this substance. It is probable 
that such a polypeptide is liberated during autolysis. 
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A further series of experiments was therefore done (Table IX.) in 
which large amounts of peptic digests of fibrin and gelatine were 
injected. These digests were made as follows: 20 g. of cattle fibrin 
(B.D.H.) or gelatin was mixed with 200 c.c. of water (the gelatine being 
dissolved by warming) and the mixture brought to pH 2-5 by the 
addition of 10 N HCl. 740 mg. of Park Davis pepsin (1 ; 10,000) was 
then added and digestion carried out by shaking in the incubator for 
8 hours. The solution was brought to pH 5 with NaOH, made isotonic 
if necessary by the addition of NaCl, and centrifuged. The pH was 
then adjusted to 7-4 and the solution filtered. Digests made in this 
manner contained about 85 mg. of solid material per c.c. Some of the 
fibrin digests were tested for their content of permeability factor by 
Dr. E. S. Duthie [cf. Duthie and Chain, 1939]. They gave positive 
permeability tests in the rabbit down to dilutions of 1 : 100. 


Table IX . — Intbaperitoneal Injection of Seitz -filtebed Digests. 


Kabbit 

no. 

Material inserted. 

Dose per 
kilo, c.c. 

Hotus before 
death, at least. 

P.M. 

Bact. or gas. 

78 

Pepsin digest of fibrin. 

70 

Killed 18 hrs. 

Sterile. 

79 

tl Jl 

gelatin. 

60 

Survived. 


80 

ft ft 

ft 

60 

tt 


81 

ft ft 

tt 

60 



82 

tt ff 

fibrin. 

70 

tt 


83 

ft Tt 

J» 

40 

ft 


84 

tt ft 

It 

20 

tt 


85 

1* If 

tt 

10 

tt 


71 

tt ft 

tt 

70 

Died 17 hrs. 


72 

tt tt 

tt 

100 

Survived. 


76 

tt ft 


46 

tt 



The injected fluid became contaminated in some of the earliest 
experiments of this type though inadequate sterile precautions seemed 
to have been taken. In the experiments of which the results are 
recorded (Table IX.) the fluid was led straight from a Seitz filter through 
a sterile glass tube into a small hole in the belly wall. This hole had 
a purse string suture placed round it in the muscle layer before the 
glass tube was inserted ; the suture was tied round the glass tube during 
iniection and tightened as the tube was removed. It was hoped thus 
to keep the peritoneal cavity sealed throughout the operation. It will 
be noted that a sterile digest only causes death very occasionally. 
Three experiments were also done in which the digest was inserted in 
Ilophane bags. One of these animals was killed when dying at 
63 hours (Table X.). The amount of autolytic proteolysis taking place 
Te liver during 24 hours is small, even under favourable condi- 
^ that of muscle, the damage of which is generally held to be 
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particularly associated with wound shock, is much smaller still [Bradley, 
1938]. In rdew of those facts, and the failure of the large quantities of 
concentrated fibrin digest injected to produce shock-like symptoms, 
it seems unlikely that a permeability-increasing polypeptide resulting 
from autolytic digestion of tissues can significantly increase the capillary 
permeability after absorption. Its effect in increasing capillary 
permeability is purely local. Duthie and Chain [1939] found that 
intravenous injection of 5 c.c. of a 5 per cent, solution of active 
permeability-increasing polypeptide fractions had no effect on the 
haimoglobin level in rabbits over a period of 6 hours. 


Tabus X. — Insertion of Digests and Dialysates in Sacs. 


Rabbit 

no. 

Material inserted. 

Dose per 
kilo, c.c. 

Hours before 
death, at least. 

P.M. 

Boot, or gas. 

74 

Pepsin digest of fibrin. 

80 

Survived. 


76 

» „ gelatin. 

30 

ff 


77 

„ „ fibrin. 

76 

63 

Sterile. 


During the course of certain of the liver-autolysis experiments 
bacteriological examination showed that rabbits’ liver could sometimes 
be procured sterile and that it then remained sterile during incubation. 
It seemed to Us therefore that, provided our technique was sufficiently 
rigid, we should be able to transplant ground-up rabbit’s liver without 
bacterial contamination. 

A further series was therefore done using the following procedures. 

After shaving the belly and lower thorax the donor animal was 
ansesthetised with ether and the shaved area thoroughly treated 
with a solution of 4-chloro-3 : 5 xylen-l-ol in 60 per cent, alcohol. 
This substance is a good disinfectant and kills bacterial spores very 
rapidly. A cotton-wool pad was then soaked in the fluid and left 
applied to the abdomen and lower thorax. The animal was bled to 
death from the carotid artery and all the fur thoroughly damped 
down with the chlorxylenol solution. The rabbit, which was tied to a 
board, was covered with a sterile cloth and transported to a clean 
operating theatre. With scrupulous care the liver was removed and 
immediately covered. After preliminary chopping with scissors the 
liver was put into a sterile Latapie mincer. Great care was taken to 
prevent organisms dropping on to the liver during this manoeuvre. The 
ground liver, as it emerged from the mincer, was received directly into 
a glass syringe with a wide exit. The syringe was protected by an 
outer glass vessel and by a protective “frill” at the upper end to avoid 
external contamination. The plunger of the syringe was inserted 
and the air expelled from the syringe. The syringe was left com- 
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pletely covered in a sterile glass tube while a small incision was 
made in the belly wall of a “host” rabbit whose abdomen had 
also been prepared as described. A purse-string suture was placed 
around the muscle opening and the mouth of the syringe tied into 
it. The dose of liver was delivered from the s3Tinge and the 
abdomen closed at the moment of withdrawal of the syringe by 
pulling the purse-string suture tight. A skin suture was inserted 
and the abdomen was massaged to spread the liver in the peritoneal 
cavity. 

Cultures were taken from the material left in the syringe. 

Table XI. gives the results. It will be seen that 4 out of 5 animals 
survived and that the animal that died was infected in spite of all 


Table XI. — ^Intrabehitoneai. Liveb with very rigid Aseptic Precautions. 


Rabbit 

no. 

Tissue 

inserted. 

Dose per 
kilo, c.c. 

per cent. 

Hours 

before death, 
at least. 

Bacteriology 
of tissue 
inserted. 

92 

Minced liver. 

■1 

Not done. 

Survived. 

Sterile. 

93 

ff 9* 


+ 28 

Killed 23 his. 

Infected. 

94 

>» 9f 


+ 33 

Survived. 

Sterile. 

95 

ff f* 

11 

+ 33 


ff 

96 

t* ff 

11 

+ 22 

ff 

ff 


our precautions. It is instructive to note that all the animals in which 
the examination was done exhibited very marked hiemoconcentration, 
though, with the exception of the one which died, they remained 
apparently in good condition and after a few hours took their food 
normally. There did not seem to be any difference -with regard to 
hsemoconcentration between the animals which died and those which 
did not. Earlier in this series of experiments, before the necessity for 
all the precautions above outlined were realised, rabbits had been 
prepared with carotid loops by van Leersum’s method so that blood- 
pressure records could be made on the unansethetised animal. These 
animals were “trained ” over a period of at least 14 days by the frequent 
taking of blood-pressure readings by a technique which has been found 
satisfactory in other experiments dealing with hypertension. The 
“normal” pressure was thus determined and steady readings obtained 
for several days before the operation of hver implantation. The 4 
animals submitted to experiment died in from 10 to 18 hours with 
gross infection (gas production) in the peritoneal cavity. They all 
showed hmmoconcentration, but there was only a slight fall of blood- 
nressure till shortly before death, though one animal had rather a low 
pressure after the operation of liver insertion (see Table XII. and figs. 

1 to 4). 
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In rabbit 12 at 7i hours after liver implantation the usual pressor 
response to excitement was noted — the pressure rising to 140 mm. Hg. 

It was noticed that the animals which died had collections of blood- 
stained fluid in the peritoneal cavity and small amounts 'of fluid which 
was sometimes clear in the pleural cavities. Tlie congestive changes 
in various organs of dogs described by Moon [1938] were rarely seen in 
our rabbits. There was reddening of the peritoneal contents where 
contact with the implant or its fluid contents occurred. The lungs 
rarely showed any significant change though blood-stained fluid was 
found in the pleural cavities. Sometimes oedema of the mediastinum 
with the presence of gas bubbles was encountered. 


Table XII. — ^Insertion or Minced Tissue; Blood Counts and Blood 
Pressure Records made. 


Rabbit 

no. 

Tissue 

inserted. 

Dose per 
kilo, c.c. 

B.P. 

R.B.C.. 
per cent. 

Hours 
before 
death, 
at least. 

P.M. 
Bact. or 
gas. 

3 

Muscle. 

20 

No fall. 

+ 26 

14 

4* 

4 

Liver. 

10 

Terminal 

fall. 

+ 30 

18 

+ 

12 

Muscle. 

26 

No fall. 

+ 30 

10 

+ 

14 

Liver. 

11 

Low after 
operation. 

+ 37 

12 

+ 


It appeared to us probable that the hEemoconcentration could be 
explained adequately by this local loss of fluid without having to 
postulate the absorption of a toxin into the general blood stream. 

It has already been noted that polypeptides which are known to 
increase capillary permeability are produced during digestive break- 
down of tissues. It may be objected that fluid appeared in the pleural 
cavity which did not contain autolysing tissue or digest. As has been 
pointed out, absorption from the peritoneal cavity by the diaphragmatic 
lymph-capillaries is particularly free. This absorbed material could 
quite readily escape from the pleural lymphatic capillaries and cause a 
localised increase of permeability in the neighbouring blood capillaries. 

The permeability of the blood capillaries to pontamine blue was 
tested on three rabbits which had tissues placed in the peritoneal 
cavity . After some hours interval pontamine blue, which escapes from 
normal blood-vessels very slowly, was injected intravenously. The dye 
was found to escape from the blood-vessels in the peritoneal cavity 
only in the neighbourhood of the implanted tissues and was particularly 
intense^ where the tissues were in contact with the intestines. No 
generalised increase of permeability was discovered in any other tissues. 
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In the one animal in which the examination was made there was a 27 
per cent, increase in the red-cell coi-puscles (Table XIII.). 

Bacteriological examination showed gross contamination of the 
peritoneal contents. 


Tahli; XIII. — Insektion or Tissue. Killed aeteb Pontasiinb Injection. 


Babbit 

no. 

Tissue inserted. 

Dose per 
kilo, c.c. 

R.B.C.. 

per cent. 

Killed. 

hrs. 

P.M. 

Bncb. or gas. 

54 

Liver. 

10 


84 


65 

Muscle. 

20 

, , 

84 


97 

Minced liver. 

14 

+ 27 

114 



Caution has to be exercised in the interpretation of hiemo- 
concentration in rabbits, for simple preparation for operation and ether 
amesthetisation were found to give the following figures: Rabbit, 
weight 2285 g., anaesthetised vdth ether and kept on board for 
I hour. Prepared for operation. Chlorxylenol applied to abdomen 
for 10 minutes. 

Preoperative red-cell count . . 6*51 million. 

3 hours post-operatively . . . 8-28 „ 

23 hours post-operatively . . 6-40 ,, 

On the other hand, another animal treated in exactly the same way 
gave this result: Rabbit, weight 2725 g. f hour anaesthesia, etc. as 
in last experiment. 

Preoperative red-cell count . , 6-20 million. 

3 hours 50 minutes post-operatively . 5-93 ,, 

6 hours 40 minutes post-operatively . 6-01 „ 

This question was not pursued further, but it is of interest that 
McAllister [1937] reported the reduction of plasma volume following 
ether anaesthesia. While Cannon [1923, p. 164] reports work by Mann 
and by Epstein to the same effect. 

The bacteriological investigations regularly disclosed in contaminated 
specimens a gram-positive anaerobic rod. Such an organism was present 
also in contaminated peptic digests so that it did not necessarily come 
from the ground-up liver or muscle. No attempt was made to identify 
this organism. In addition, various aerobic cocci, again not identified, 
were frequently found. That this bacterial contamination was associ- 
ated with an inadequate operative technique was eventually shown. 
In the rabbit it is possible to get sterile liver mince when elaborate 
precautions are taken. 

In addition to these several groups of experiments done on the 
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rabbits, observations on similar lines rvere made on cats though these 
•were not so fully investigated. 

It will be seen from Table XIV. that cats died in the same way as 
rabbits after tissue implantation. Gas and fluid were present in the 
peritoneal cavities of these animals. 

Table XIV. — IwPiANTATiojr of Mikcbd Tissues Inteatebitoeeally. 


Cat no. 

Tissue 

inserted. 

Dose per 
kilo, c.c. 

Hours before 
death, at least. 

1 

Liver. 


21 

2 

Muscle. 


21 

4 

Liver. 


Survived. 

5 

>» 

10 

17 

6 

Muscle. 

27 

17 

7 

tt 

20 

17 (killed) 


In a series of 4 cats into which autoclaved liver was pvt, 3 survived 
and 1 died of pneumonia. 

An attempt was made to repeat on oats the observations made on 
rabbits when a very rigorous aseptic technique was used. Of 3 animals, 
2 died with infected liver in their peritoneal cavities while a third 
survived (Table XV.). It will again be noted that there was considerable 
hsemoconcentration, but this was present to the same extent in the 
survivor as in the ones which died. Xrom this small series it appears pro- 
bable that it is much more difficult to obtain sterile cat than rabbit liver. 

Table XV. — Ijiplantation op Minced Tissues Intbapebitoneallv. 


Cat no. 

Tissue inserted, 
autoclaved. 

Dose per 
Idio, c.c. 

Result. 

8 

Liver. 

12-5 

Survived. 

9 

it 

11 

tt 

10 

Muscle. 

20 

rr 

11 

tt 

18 

Pnemnonia. 


Table XIT. ^Implantation op Minced Tissues Intbapebitoneally vuth 

Extbesie Aseptic Pbecautions. 


Cat 

no. 

Tissue 

inserted. 

Dose per 
kilo, c.c. 

B.B.C., 
per cent. 

Result. 



17 


Died 204 hrs. Infected. 

14 


10 


Survived. 

16 

tt 

10 


Died under 46 hrs. In- 

18 

It 



fected. 


_ 
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Moon [1938] states that doses of pulped liver of 3 to 6 g. per kg. 
saused tlie death of 25 guinea-pigs in from 24 hours to several days. 

In one small series (Table XVII.) we were unable to confirm this 
though larger doses were given in some cases. 


Tabue XVII. 


Rat no. 

Material. 

Dose in o.c. 
per kg. 

Result. 

I 

Chopped liver. 

11 

Survived. 

2 

Mashed liver. 

6-6 

ff 

3 

»» 

6-6 

ff 

4 

„ muscle. 

11 

• » 


Again in a series of 4 rats (Table XVIII.) we did not find that large 
doses caused death. 

TABI.E xvni. 


Guinea-pig 

no. 

Material. 

Dose in c.c. 
per kg. 

Result. 

1 

Mashed liver. 

10 

Survived. 

2 

»♦ ff 

7 

ff 

3 

>» ff 

3 

ff 

4 

„ muscle. 

6 

ff 


We did not therefore pursue the matter further in these animals. 

Discussion anp Summary . 

It is quite clear that in the rabbit and cat it is possible to produce 
death rapidly by inserting muscle or liver into the peritoneal cavity. 
In the fatal cases, however, it appears that the liver or muscle is infected 
ivith anaerobic gas-producing bacilli. When we succeeded in trans- 
planting liver in a sterile fashion in rabbits, death did not occur. Large 
doses of sterile peptic digests containing permeability-increasing poly- 
peptides caused death only occasionally unless contaminated, although 
hsemoconcentration was usually present. 

We were not able to confirm Moon’s results on guinea-pigs nor 
did our rats die after liver implantation. It must be emphasised that 
in comparison with muscle liver is a tissue which autolyses relatively 
easily, even when sterile. Moreover, in our experiments large amounts 
of liver were used. In addition, this was minced into a paste to give 
maximum opportunity for autotysis and subsequent diffusion of the 
digestive products. Nevertheless from their beha\dour the animals 
did not appear to be “shocked.” 
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rabbits, observations on similar lines were made on cats though these 
were not so fully investigated. 

It will be seen from Table XIV. that cats died in the same way as 
rabbits after tissue implantation. Gas and fluid were present in the 
peritoneal cavities of these animals. 

Table XTV. — ^Isiplantation of Minced Tissues Inteafebitoneally. 


Cat no. 

Tissue 

inserted. 

Dose per 
kilo, c.c. 

Hours before 
death, at least. 

1 

Liver. 


21 

2 

Muscle. 


21 

4 

Liver. 


Survived. 

6 



17 

6 

Muscle. 


17 

7 


20 

17 (killed) 


In a series of 4 cats into which autoclaved liver was put, 3 survived 
and 1 died of pneumonia. 

An attempt was made to repeat on cats the observations made on 
rabbits when a very rigorous aseptic technique was used. Of 3 animals, 
2 died with infected liver in their peritoneal cavities while a third 
survived (Table XV.). It will again be noted that there was considerable 
hmmoconcentration, but this was present to the same extent in the 
survivor as in the ones which died. From this small series it appears pro- 
bable that it is much more difficult to obtain sterile cat than rabbit liver. 


Table XV. — ^Isiflantation of Minced Tissues Intbaperitoneally. 


Cat no. 

Tissue inserted, 
autoclaved. 

Dose per 
kilo, c.c. 

Result. 

MM 

Liver. 

12-5 

Survived. 


ff 

11 

ft 


Muscle. 


,, 

mm 

f* 


Pneumonia. 


Table XVE. ^Isiplantation of JIinced Tissues Intbaperitoneally ivith 

Extreme Aseptic Precautions. 


Cat 

no. 


14 
16 

15 


Tissue 

inserted. 


Liver. 


Dose per 
kilo, c.c. 


17 

10 

10 


R.B.C., 
per cent. 


+ 29 
+ 28 
+ 16 


Result. 


Died 204 hrs. Infected. 
Survived. 

Died under 46 hrs. In- 
fected. 
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It may be argued that a rabbit, which is rather a “moist” animal 
and probably has much body fluid, is not very suitable for experiments 
of this nature. Nevertheless, on the evidence produced, we believe 
that those authors who attach great importance to the infection associ- 
ated with nearly all liver transplantation experiments are right and 
that autolytic products alone, although producing local loss of fluid, 
do not produce general effects, after absorption, which lead to a shock- 
like state. 

However, the presence of large masses of autolysing tissue such as 
muscle must liberate substances of a pol 3 rpeptide nature which affect 
profoundly the local blood-vessels, causing increased permeability of 
the capillaries and hence the escape of plasma. It is possible that this 
local action of autolytic products may be of considerable importance 
in the production of wound shock by the promotion of fluid loss. This 
is a further argument for removing such tissue as thoroughly as possible. 

E. P. Abraham and E. Chain are responsible for the chemical 
work, A. D. Gardner for the bacteriological examinations, and G. M. 
Brown, H. W. Elorey, and A. G. Sanders for the animal work. 

We are indebted to the Medical Research Council for a personal 
grant to E. P. Abraham and E. Chain and a grant towmrds the expenses 
of this work. 
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OBITUARY NOTICE 


ALFRED JOSEPH CLARK, 1885-1941 

Alfred Joseph Clark, a member of the Editorial Board of tliis 
Journal and a foremost leader in pharmacology, died on 30th July 
1941, after an acute illness necessitating surgical operation. His death 
at the height of his intellectual powers was a great shock to all his friends 
and colleagues, and it has left those w'ho are concerned with this 
Journal, in whose affairs he took a vital and intimate part, with an 
abiding sense of loss. He had been a member of the Editorial Board 
since Sharpey-Sehafer relinquished the editorship and he gave himself 
unsparingly to the editing of papers, a task for which his fundamental 
and vide knowledge of biological problems so well fitted him. He was 
an excellent yet sympathetic critic, and contributors have been quick 
to recognise the value of his comments on their papers. 

Clark was born at Northover, Glastonbury, on 19th August 1885. 
From Bootham School, York, he went up to King’s College, Cambridge, 
where he took honours in both parts of the Natural Science Tripos. 
At Cambridge he came under the influence of the late W. E. Dixon and 
also made contact with the late G. R, Mines with whom he was later to 
collaborate in an investigation on the action of strophanthin on the 
excised heart of the frog. He obtained his clinical training at St. 
Bartholomew’s Hospital, and, having qualified M.R.C.S., L.R.C.P., in 
1909, and taken the M.B. Cambridge in 1910, he held the posts of 
house-surgeon at Addenbrooke’s and house-physician at Bart’s. He 
took the M.R.C.P. and D.P.H. in 1912 and became successively 
emonstrator of Pharmacologj>^ at King’s College, London, Assistant 
Pharmacologist at University Coflege, and in 1913 Lecturer on Pharma- 
co opr ^ Guy’s Hospital. He took his Cambridge M.D. in 1914, was 
elected F.R.C.P. in 1921 and F.R.S. in 1931. 

tV. H fb® 1914-18 war Clark took a commission in 

MP f ^ served throughout the war and was awarded the 
. . or gallantry and devotion to duty. In the present war he 
oecupied an important advisory post at G.H.Q. in France, and during 
e as ays of the Battle of Flanders he rendered signal help in the 
evacuation of the wounded when acting as medical officer in Hazebrouck 

uement to Dunkirk. He was reticent about his activities 
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Alfred Joseph Clark 

during those strenuous days, but from the little he let drop it -svas not 
difficult to realise that many of the wounded owed their ultimate 
safety to his efforts. 

At the close of the 1914-18 war Clark was appointed to the Chair 
of Pharmacology in Cape Town, but after a year he returned to London 
to become Professor of Pharmacology at University College, where he 
succeeded his former chief, the late A. B. Cushn}’^, Avho had transferred 
to Edinburgh. Clark’s return to University College came at an 
opportune moment. The pre-Avar staffs of the Departments of 
Physiology, Biochemistry, and Pharmacology had dispersed, so that his 
experience and energy Arere an invaluable aid to Professor Starling and 
Sir William Bajdiss in their plans for putting the medical sciences once 
more on a peace-time footing. 

In 1926 Clark again succeeded bis former chief when he accepted 
the Chair of Materia Medica in Edinburgh, where he quickly made his 
personality felt. Students soon realised hoAr much he had their 
interests at heart and they found in him a staunch friend and adviser 
to AA'hom they could take their academic problems with the sure 
knowledge that they AA^ould always receive of his best. His Applied 
Pharmacology, now in its seventh edition, illustrates his understanding 
of the difficulties of the student, for in this book he successfully achieved 
the integration of pharmacology and therapeutics. In addition, Clark 
not only interested himself in the athletic activities of the students by 
sitting on some of their Sports Committees, but found time himself to 
play Eives or Badminton with the energy and zeal of a man tAventy 
years his junior. 

Amidst all his University activities Clark devoted a great deal of 
time to the development and organisation of the Central Medical 
Library. The Avealth of periodicals and monographs found there at 
the present time is largely due to the energy he displayed as Convener 
of the C.M.L. Committee. Besearch workers in the Faculty of Medicine 
owe him a great debt for the facilities which this Library affords. It 
stands as a permanent memorial to Clark’s Avide outlook and unselfish 
devotion to the interests of his colleagues, and we are glad to know 
that this AvUl be recognised and recorded by the placing of a tablet in 
the Library itself. 

It is fortunate that the fruits of Clark’s ripe experience in the field 
of experimental pharmacology have been epitomised and reviewed by 
his OAvn hand. The Mode of Action of Drugs on Cells and The Com- 
parative Physiology of the Heart, published in 1923 and 1927 respectively, 

^ well as the volume on general pharmacology in Heffter’s Handbtich 
der experimenfellen Pharmakologie (1927), reflect the critical nature of 
1 ■ mind the broad paths he trod, and his extraordinary knowledge 
f the literature from the earliest times up to the present day. His 
° 1 training in the fundamentals of the medical sciences was largely 
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xespoBsible for tbe successful acMeveiueut of sucli tasks. In. all bis 
scientific publications there can be detected the urge to obtain exact 
and quantitative data on the action of drugs, and it was the natural 
outcome of his earlier work on the frog’s heart that he should use it 
again to study the metabolism of cardiac muscle. This investigation, 
in which four of his Edinburgh colleagues collaborated, formed the 
subject of a monograph, The Metabolism of the Frog's Heart, which was 
published in 1938. 

The perfused heart of the frog played an important role in Clark’s 
experimental work. In later years he was wont to refer to it as the 
most valuable biological test-tube at the disposal of physiologists and 
pharmacologists, and it was indeed remarkable the amount of informa- 
tion he obtained from it in the course of his thirty years’ experience. 
With this small “preparation ” he demonstrated how valuable contribu- 
tions to knowledge can be made by the careful planning of experiments 
and the use of the simplest apparatus. Those who have worked with 
him will always remember his dexterity in preparing the heart for 
closed-circuit perfusion. His hands were not small; yet, after a few 
deft movements during which the heart was entirely obscured, it finally 
emerged into view to beat strongly, and continued to do so for hours 
or even days. 

Clark was extremely well read in many subjects and would frequently 
astonish his colleagues by knowledge which they assumed would be 
outside the ken of a scientist. He had a playful sense of humour and 
in the course of friendly discussions would suddenly ask a particularly 
pertinent question Avith a charming smile which, to those who knew 
him well, indicated that he Imew the answer better than most. His 
philosophy was a mixture of realism and idealism which gave him a 
kindly tolerance towards the shortcomings of his fellow-creatures. He 
rarely expressed himself strongly on any matter except perhaps on the 
danger of the uncontrolled trade in secret remedies, ably and courage- 
ously exposed in his small monograph on Patent Medicines in the 
“Pact” series. 

Clark’s services and advice were in great demand by colleagues and 
institutions alike, and to all he gave freelj’' and willingly. As a member 
of the Medical Research Council from 1934 to 1938 he did work of great 
national importance, which was recognised by his re-election, after an 
mterval of one year, to a second term of office. Since his return from 
1' ranee in May 1940 he had worked unceasingly on war problems in his 
own special field of research. His death in the midst of these labours has 
not only brought personal grief to many, but is indeed a national loss. 




THE INFLUENCE OF SODIUM EVIPAN ON THE' HEART 
AND CIRCULATION. By S. C. Das. From the Depart- 
ment of Pharmacology, University of Edinburgh, 

[Received for publication Stii May 1941.) 

Amongst the barbiturates, sodium evipan is very -widely used and 
has gained popularitj'- as an intravenous anassthetic. Kennedy and 
Narayana [1935] obtained -with evipan a fall of blood-pressure in cats. 
Bor and Storm [1935] reported that 25 mg. /kg. of evipan caused 
ansesthesia in monkeys, but did not affect cardiac activity and blood- 
pressure if injected slo-wly. Tournade and Joltrain [1936] obtained 
a fall of blood-pressure after e-vipan and also studied the factors con- 
cerned in its production. Stanley-Nowak [1938], from his study of 
vasomotor and aortic sinus reflexes in dogs, concluded that evipan 
had “no depressing effect on bloo^-pressure.” In view of the importance 
of the subject, a detailed study of the effect of evipan on heart and 
circulation was undertaken to clear these differences of opinion. 

Cats under ether and chloralose ansesthesia were mainly used for 
these experiments; decerebrate and decapitate animals were also 
used. The intravenous injection of e-ripan produced a fall of blood- 
pressure in every case. The extent of the fall varied with the initial 
pressure: the higher this pressure, the greater being the faU. The 
effects of a -wide range of dosage -n-ere measured in one group of experi- 
ments. Different animals differed in sensitiveness, but in all cases a 
sigmoid^ curve -u^as obtained by plotting the fall of blood-pressure 
(in mm.) against the' logs of the doses (mg./kg.) used (fig. 1). The 
rapid fall of blood-pressure after a quick i.v. injection was follo%ved 
by a slow recovery. In cases where fairly large doses were repeated 
several times, the blood-pressure after recovery failed to reach the 
original level, Vogt [1930] reported similar experience in her experi- 
ments -wdth veronal in cats. 

The effects of different rates of injection were next studied. The 
same quantity produced less fall of blood-pressure if injected in divided 
doses at short intervals of a few seconds than when given in one dose. 
A slow continuo-os injection of more than 1 mg./kg. per minute pro- 
duced a slow and steadily increasing fall of blood-pressure, but the 
maximum fall caused by the total quantity given in this way was much 
less than if given by single or interrupted injections. A continuous 
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reported diminished vagal activity after evipan, as vagal stimulation 
produced less slowing of heart’s rate after evipan than before it. The 
author found that vagal stimulation produced less fall of blood-pressure 
after evipan ’than before it, thus confirming Tournade and Joltrain’s 
finding. Stanley-Nowak [1934] reported suppression of the carotid 
sinus reflex by numal, pernocton, and evipan. The carotid sinus 
reflex was found by the author to be depressed after evipan, but. even 
after a dose of 20 mg./kg. it was not completely suppressed. Tournade 
and Joltrain [1936] recorded the effects of splanchnic stimulation on 
kidney volume and' observed paresis of peripheral vasomotor apparatus 
after evipan. The author also obtained similar evidence of weakening 
of vasomotor activity after evipan by comparing the pressor response 
obtained before and after evipan, when stimuli of same intensity were 
given to the sciatic nerve exposed and placed on the shielded electrodes 
of a secondary coil. 

The effect on blood-vessels was determined by perfusion of a leg 
in situ with the animal’s own blood. Dixon’s pump, as adopted by 
Robson and Schild [1938], was used with heparin as anticoagulant. 
The venous outflow was not interfered with. Blood from the central 
end of the femoral artery was delivered into the perfusion apparatus 
which rhythmically pumped it onwards into the peripheral end of the 
artery, thus resembling the natural pumping of the heart, which it 
substituted with the advantage that it eliminated the depressant 
action of the drug on the heart that would diminish the peripheral 
arterial pressure. Carotid pressure was recorded as well as the per- 
fusion pressure. After the perfusion pressure ran steady for some time, 
10 mg./kg. of e\’ipan was injected into the femoral vein of the other 
leg. This caused a fall of the systemic pressure as usual, and also a 
fall in the perfusion pressure. The rate and force of the pump being 
constant, a fall in the perfusion pressure indicated vasodilatation. 
After section of the sciatic and femoral nerves of the perfused leg, 
the sanie dose produced less fall of the perfusion pressure. The fall 
in this latter case was a measure of the direct vasodilatation, rvhereas 
the greater fall before section of the nerves represented the combined 
effects of depression of vasomotor tonus and direct vasodilator effect 
(fig. 2 (I) and (II}). Direct vasodilatation was also observed on adding 
evipan to a closed-circuit perfusion, the venous outflow of the perfused 
leg feeding the perfusion apparatus (fig. 2 (III)). The evidence of this 
direct vasodilatation effect of evipan is in keeping with Lepper’s 
observation [1924] on the effect of veronal on the perfused isolated 
rabbit’s ear. 

Kennedy and Karayana [1935] perfused the isolated frog’s heart 
with evipan and reported that 1 in 4000 of evipan reduced the con- 

ractions by 10 per cent., whilst 1 in 1000 caused complete inhibition. 

o urn evipan has a higher pH value than frog’s Ringer, and unless 
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infusion avoids a high concentration of the drug caused by a single 
big injection and hence produces decidedly less depressant effect. An 
intra-arterial injection also avoids a sudden excess of the drug on 
the heart, and it was found that when injected into the femoral artery 
the effect produced was similar to that produced by slow intravenous 
injection, namely, a slow fall of blood-pressure . followed by a still 
slower recovery. Intra-arterial injections introduce another factor 



yjQ, 1. Eelntion between log. dose sodium evipan in rag./bg. (abscissa) and 

fall of blood-pressure (mm. Hg) in cats (ordinate). A, B, and C are curves obtained 
in three different animals. 


probable loss by diffusion or destruction of some of tbe drug 

before it reaches the general circulation. The effect of injection into 
■portal vein was also tried and found to be less than when injected into 
the systemic vein. This was partly due to dilution of the drug in the 
liver and partly to detoxication in the liver. Results of similar nature 
were obtained by continuous injection into the portal vein and the 


^°^The next group of experiments were directed towards the analysis 
f the cause of fall of blood-pressure. That the fall of blood-pressure 
r evipan was not due to the pH of the solution was shown by the 
r + that Ringer’s solution buffered to the same pH as the evipan 
did not cause a fall, whereas even 2-0 mg./kg. of evipan dis- 
solved in the. same quantity of fluid caused an appreciable fall of 

blood-pressure. [1935] stated that they did not observe 

vag?^dep«®®'°^ after, evipan, but Tournade and Joltrain [1936] 
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reported diminished vagal activity after eVipan, as vagal stimulation 
produced less slowing of heart’s rate after evipan than before it. The 
author found that vagal stimulation produced less fall of blood-pressure 
after evipan 'than before it, thus confix'ming Tournade and Joltrain’s 
finding. Stanley-Nowak [1934] reported suppression of the carotid 
sinus reflex bj'^ numal, pernocton, and evipan. The carotid sinus 
reflex was found by the author to be depressed after evipan, but. even 
after a dose of 20 mg./kg. it was not completely suppressed. Tournade 
and Joltrain [1936] recorded the effects of splanchnic stimulation on 
kidney volume and observed paresis of peripheral vasomotor apparatus 
after evipan. The author also obtained similar evidence of weakening 
of vasomotor activity after evipan by comparing the pressor response 
obtained before and after evipan, when stimuli of same intensity were 
given to the sciatic nerve exposed and placed on the shielded electrodes 
of a secondary coil. 

The effect on blood-vessels was determined by perfusion of a leg 
in situ with the animal’s own blood. Dixon’s pump, as adopted by 
Robson and Schild [1938], was used with heparin as anticoagulant. 
The venous outflow was not interfered with. Blood from the central 
end of the femoral artery was delivered into the perfusion apparatus 
which rhythmically pumped it onwards into the peripheral end of the 
artery, thus resembling the natural pumping of the heart, which it 
substituted with the advantage that it eliminated the depressant 
action of the drug on the heart that would diminish the peripheral 
arterial pressure. Carotid pressure was recorded as well as the per- 
fusion pressure. After the perfusion pressure ran steady for some time, 
10 mg./kg. of evipan was injected into the femoral vein of the other 
leg. This caused a fall of the systemic pressm-e as usual, and also a 
fall in the perfusion pressure. The rate and force of the pump being 
constant, a fall in the perfusion pressure indicated vasodilatation. 
After section of the sciatic and femoral nerves of the perfused leg, 
the same dose produced less fall of the perfusion pressure. The fall 
in this latter case was a measure of the direct vasodilatation, whei-eas 
the greater fall before section of the nerves represented the combined 
effects of depression of vasomotor tonus and direct vasodilator effect 
(fig. 2 (I) and (II)). Direct vasodilatation was also observed on adding 
evipan to a closed-circuit perfusion, the venous outflow of the perfused 
leg feeding the perfusion apparatus (fig. 2 (III)). The evidence of this 
direct vasodilatation effect of evipan is in keeping with Lepper’s 
observation [1924] on the effect of veronal on the perfused isolated 
rabbit’s ear. 

Kennedy and Narayana [1935] perfused the isolated frog’s heart 
with e^dpan and reported that 1 in 4000 of evipan reduced the con- 
tractions by 10 per cent., whilst 1 in 1000 caused complete inhibition. 
Sodium evipan has a higher pH value than frog’s Ringer, and unless 
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the evipan solution is buffered to the same pH as frog’s Ringer the 
results cannot be relied on. These authors did not state whether they 
brought their evipan solution to the correct pH. 

The author measured the effects of evipan on frog’s heart. ' The 
evipan solution was buffered to the same pH as frog’s Ringer and 
each concentration was allowed sufficient time to develop its maximum 
effect. On the auricle strip of the frog, a concentration of 1 in 100,000 
of evipan produced no appreciable change, 1 in 50,000 produced about 



Fio. 2. — Perfusion of femoral artery of cat’s leg in situ. 

BP =blood-pressure and PP =perfusion pressure. 

A=injeetion into femoral vein of sodium evipan (10 mg./kg.). 

B and C =injection into perfused artery of 0-6 e.o. saline and 10 mg./kg. sodium 
evipan in 0-5 o.c. saline respectively. 

Time: 1 c.mm. =90 secs. 

I. Sciatic and femoral nerves of perfused leg intact. Vasodilatation produced 
by injection as indicated by the fall in perfusion pressure. 

It. Sciatic and femoral nerves of perfused leg cut. The faU in perfusion pressure 
is reduced. 

III. The evipan injection causes a short initial rise, probably due to the fluid 
introduced and this is followed by vaso-dilatation. 

10 per cent, inhibition, 1 in 20,000 about 20 to 25 per cent., 1 in 10,000 
about 40 per cent., 1 in 5000 about 60 per cent., and 1 in 2000 about 
95 to 100 per cent, inhibition. Recovery followed washouts if not 
delayed too long. A range of 25 to 30 times increase in concentration 
was thus necessary to cause from just appreciable inhibition to complete 
inhibition. If the percentages of depression are plotted against the 
logs of the concentrations, an S-shaped curve is obtained (fig. 3). 

^Tournade and Joltrain [1936] made plethysmographic measure- 
ments of the dog’s heart. They found that evipan produced dilatation 
d incomplete contraction, and also obtained evidence of toxic and 
i f effect The author studied the effects of evipan on the cat’s 
heart ^and used the Cushny-myocardiograph to record auricular and 
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ventricular contractions simultaneously with the carotid pressure. 
Moderate doses produced marked depressant efieets on auricular and 
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Pio. 3 — Relation between log. concentration of sodium evipan (abscissa) 
and per cent, depression of contraction of frog’s isolated auricle strip 

(ordinate). 



FiO. 4.~-Acpon of intravenous evipan on cat’s heart in situ. Myooardiographic 
records w auricle (A) and ventricle (V); blood-pressure (C). Intravenous sodium 
evipan, 2 mg./kg. at 2, 5 mg./kg. at 5. Tracings I. and II. from different cats. 
Time: I cm. =2 min. 

yentric^ar contractions. Even a dose of 2 mg./kg. which was only 
^st sufficient to cause an appreciable effect on carotid pressure, pro- 
uced an appreciable diminution of the auricular contraction (fig, 4). 
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This shows that the cardiac factor contributes towards the fall of 
blood-pressure not only in the case of large and toxic doses (as pointed 



Fig. 5. — Effects on. heart and blood-pressure of bleeding and of mtra\ enous evipan. 
A and V: Jlyocardiographio records of auricle and ventricle. B.P.: blood- 
pressure. Tune: 1 cm =2 mm. 

I. Rapid bleeding of 5 c c,/kg. (eat i, 3 kg. B.W.). 

II. Rapid bleeding of 5 c.c./kg. (cat ii, 3-5 kg. B.W.). 

nr. and n’". Intravenous injection of sodium evipan into cat ii. 10 mg./kg. 
and 40 mg./kg. respectu ely. The latter injection produced death. 








V 






Pjq. 6, ^Transient nature of action of evipan on cat’s heart. 

"Records as in fig. o. Time 1 cm = 2 nun 

T II and III Injections of sodium evipan 10. 20, and 30 mg /kg respectively. 
The animal had previously received sex oral doses of sodium evipan 


out by Vogt [1930] in the case of veronal), but also in cases of small 
doses of e'vipan. 

Th t the diminution of contraction of the auricle and the ventricle 
after evipan was a contributory factor towards the production of fall 
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of blood-pressure, and was not simply an effect of the fall of blood- 
pressure brought on by other causes, was proved by shorving that a 
well-defined fall of blood-pressure caused by drawing about 15 c.c. 
of blood from a femoral artery did not affect auricular or ventricular 
contraction, whereas a dose of evipan producing a much smaller fall 
of blood-pressure caused definite depression of auricle and ventricle 
(fig, 5). The depressant effect of evipan was observed to be more 
marked on the auricle than on the ventricle. By repeating large doses 
of evipan several times, during an experiment, complete inhibition 
of the auricle and extreme depression of the ventricle were obtained, 
but Avhereas the ventricle slowly recovered, the auricle paralysis 
persisted (fig. 6). 

Discttssioit. 

Different factors co-operate in the production of the fall of blood- 
pressure by evipan and other barbiturates. Most workers agree that 
vasodilatation is an important factor, and some believe vasomotor 
paresis to be the chief contributory cause. There is also a direct 
dilator effect on the blood-vessels, as demonstrated by the perfusion 
experiments. According to Vogt, the cardiac factor comes into play 
only in cases of severe depression from large doses. It appears that 
proper consideration has not been given to the part played by the 
heart in the production of the fall of blood-pressure, probably owing 
to paucity of accurate quantitative data. Tournade and Joltrain 
relied on the information given b}"- Kennedy and Narayana, whose 
method, as already stated, was defective, but the author’s experiments 
show that moderate doses of evipan produce a direct depressant 
action on the mammal’s heart. 

The usual human dosage of sodium evipan is 3 c.c. of 10 per cent, 
solution given quickly, followed by a further 5 c.c. to complete the 
induction. These quantities correspond respectively to 4 mg./kg. 
and 10 mg./kg. for an 80 kg. individual. These doses in the cat produce 
a well-marked depression of aiiricular and ventricular contractions. 
If the blood volume of man be taken as 10 per cent, of the body weight, 
the doses mentioned will produce concentrations in the blood in the 
heart of at least 1 in 10,000 and 1 in 25,000. These concentrations 
produce respectively 40 and 15 per cent, depression of the isolated 
frog’s auricle. 

The experiments on both the isolated frog’s auricle and the intact 
mammal agree therefore in showing that sodium evipan in therapeutic 
doses can produce direct cardiac depression. 

It is weU known that a large dose of evipan rapidly injected intra- 
venously may lead to respiratory arrest. Apart from the risk of 
respiratory depression, there is also a sudden though short-lived severe 
circu a ory depression, following such rapid administration of evipan 



110 The Influence of Sodium Evipan on the Heart and Circulation 

and this probably co-operates -with respiratory failure in producing 
a fatal ending in cases of sudden deaths immediately after a big dose 
of evipan quickly administered. 

Summary. 

1. Intravenous iiijection of sodium evipan always causes a fall of 
blood-pressure. This fall is not due to the reaction of the solution, 
but is partly due to vasodilation and partly to cardiac depression. 

2. Perfusion of cat’s leg in situ gives evidence of direct vasodilata- 
tion as well as of vasomotor depression. 

3. Auricle strip of frog shows 10 per cent, depression -with 1 in 
50,000 of evipan, 25 per cent, with 1 in 20,000, 40 per cent, with 1 in 
10,000, 60 per cent, with 1 in 5000, and 95 to 100 per cent, with 1 in 
2000 concentration. 

4. Myocardiographic record of cat’s heart in situ indicates auricular 
and ventricular depression even with small doses of evipan, showing 
that the cardiac factor plays a definite part in causing a fall of blood- 
pressure. 

5. This depressant effect on circulatory system can be minimised 
to a great extent by giving the dose in fractions at short intervals, and 
still better by continuous intravenous infusion. 

The author gratefully acknowledges his indebtedness to Professor 
A. J. Clark for his advice and help throughout the course of his work. 
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THE HUMORAL STIMULATION OF GASTRIC SECRETION. 
By R. A. Geegoky * and A. C. Ivy. From the Department 
of Physiology and Pharmacology, Northwestern University 
Medical School, Chicago. 

{Received for publication 22nd Map 1941.) 

The behaviour of the transplanted fundic pouch pro's’ided the first 
indisputable evidence of the participation of humoral agents in the 
gastric secretory response to a meal [Ivy and Farrell, 1925; Klein 
and Arnheim, 1932]; and the inhibition of motility and secretion of 
such a pouch, follo^ng a meal of fat, has since been proved to be due 
to the action of a chalone “Enterogastrone” winch has been extracted 
from the duodenal mucosa [Kosaka and Lim, 1930; Gray, Bradley, 
and Ivy, 1937]. However, the site of origin and identity of the 
humoral agent responsible for stimulation of secretion in the trans- 
planted fundic pouch by a meal has not yet been determined. It may 
originate in either the stomach or the small intestine, and may consist 
of a hormone or of secretagogues absorbed into the circulation from 
the gut during the course of digestion. The terms “humoral,” 
“hormonal,” and “secretagogues” are to be considered as having the 
definitions given them by Ivy [1930], 

Edkins’s [1906] assertion that a hormone “Gastrin,” liberated 
from the pyloric region of the stomach, was concerned in the second 
or “gastric” phase of the secretory response of the stomach to a meal 
is now generally recognised to have been based upon inadequate 
evidence, and has not subsequently received conclusive support, 
despite a large amount of work on the problem [see Ivy, 1930, for 
references]. 

Investigations on the nature of the “intestinal” phase of gastric 
stimulation led to the suggestion [Kim and Ivy, 1934] that here a 
humoral mechanism was concerned; hut the evidence presented was 
inconclusive, since in the animal preparations employed some nervous 
connections remained intact between the stomach and the small 
intestine. 

In order to analyse further the humoral mechanisms involved in 
the stimulation of a fundic transplant by a meal, it becomes necessary 

TTT,;-.ro^”t Foundation Travelling Fellow in Physiology. Permanent address. 

University College, London, England. ® ^ 
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to examine separately the effects on such a transplant of the “gastric” 
and “intestinal” phases of stimulation by a meal. 

With this aim in view, the experiments to be described were per- 
formed and the folloudng animal preparations made. 

Four dogs Avere provided with a transplanted pouch of the gastric 
fundus (“transplant”) and also a vagotomised pouch of the remainder 
of the stomach (“main gastric pouch”). Observations were then 
made of the responses of both pouches to : 

(a) The feeding of a meal and the oral administration of liver 
extracts — a potent source of gastric secretagogues [Kim and 
Ivy, 1934]. 

(h) Application to the mucosa of the main gastric pouch of solutions 
of secretagogues, histamine, and alcohol for 30-120 minutes 
(“perfusion” experiments). 

(c) Mechanical stimulation (distension) of both pouches. 

The effect on these responses of ansesthetisation of the mucosa of 
the pouches with 5 per cent, procaine solutions was also studied. 

The results of these experiments have demonstrated that: (a) 
humoral mechanisms are 'involved in both the gastric and intestinal 
phases of secretory stimulation by a meal or secretagogues, and (6) 
the gastric humoral agent is probably hormonal in nature. 

In order to determine whether or not the presence of the pyloric 
region of the stomach was essential for liberation of the gastric humoral 
agent, the main gastric pouch in one of the dogs used in the first series 
of the experiments was converted into a purely fundic pouch, by the 
formation from the pyloric region of this pouch of a separate, third, 
pouch. When the new fundic pouch of this three-pouch preparation 
was perfused Avith secretagogues, as in the first series of experiments, 
a response could still be obtained from both this and the transplanted 
fundic pouch. Thus participation of the pyloric region is not essential 
for demonstration of the gastric humoral agent in question. 

SuKGiGAL Peooeduees anu Geneeal Obseea’’ations. 

In three of the four dogs, the transplanted pouches Avere prepared 
according to the method of Ivy and Farrell [1925]; in the remaining 
animal the modification of lOein and Arnheim [1932] aa^s folloAA’^ed. 

The most suitable type of dog for the preparation is a large docile 
female which has had several litters and possesses large mammae and 
loose abdominal sldn. At the first operation, a Heidenhain-type 
of the fundus is placed beneath the skin of the mammary region, 
supplied Anth a single artery and vein selected from the gastro- 
■ vessels In order to conserve the blood supply to the remainder 

thrstomacli, Cate 'isvtaken. not to divide the highest branches of the 
gastro-splenic Ws'sels, AAFicfi" pasS.^to the greater curvature of the 


pouch 

being 
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stomach nearer to the cardia, beyond the area which is to be selected 
for the ijouch, and which in most animals form a more or less separate 
group (figs. 1 and 2), 

The second operation is performed about four weeks after the first. 
A Yagotomised pouch of the remainder of the stomach is made, with 
an end-to-side anastomosis of the oesophagus and duodenum [Ivy, 

Mammary 

Stomach Spleen Kogion 



Fig. 1.— Showing the area selected for making the transplanted fundic pouch. 



Lim, and McCarthy, 1925]. The pedicle of the transplant is also 
inspected and its coverings of fat and omentum removed ■ndthout 
injuring the vessels, the exposed coats of Avhich are then rubbed gently 
Avith gauze moistened in ethyl alcohol. The subsequent fibrosis leads 
to a gradual diminution in blood supply from this source, causing the 
transplant to rely to an increasing extent on the ncAv vessels groAving 
in from the surrounding tissues. 

The final operation is performed about six Aveeks or more after 
the first (above). The pedicle of the transplant is exposed through 
a small abdominal incision, and the stoma of the pouch watched Arhile 
the pedicle is clamped with the finsers-i-TA tHis-^_floet!- not caijRfi 
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appreciable blanching of the mucosa, the pedicle is divided between 
ligatures and the abdomen closed (fig. 3). Otherwise, the pedicle is 
stripped as before and inspected again about four w^eeks later. 


The preparation may also be made in two stages, if it is not desired to 
make observations of the responses of both pouches before division of the 
pedicle. The second operation is performed about ten weeks or more after 
the first, and the transplant pedicle can usually be safely divided on this 
occasion; if not, it is stripped as described and inspected again a few weeks 
later. 

The four dogs employed in these experiments were maintained in excellent 
health over a period of several months by following the post-operative treat- 
ment and diet employed in this laboratory for dogs completely gastrectomised 



Transplant 


3?ig. 3- — ^The completed two-pouch preparation — fundic transplant, main stomach 
pouch, and cesophageal/duodenal anastomosis. 


or provided with a pouch of the entire stomach. This has been given in detail 
by Ivy, Morgan, and Farrell [1931] on the basis of several years’ experience 
with such animals. 

In two other animals, not otherwise mentioned in this account, the trans- 
plant became gangrenous and sloughed a few days after the first stage of the 
operation, owing to accidental constriction of the pedicle at its exit from the 
abdominal cavity. This, however, appeared to have no effect on the general 
health of the animals, which were subsequently used for other experiments. 


The mucosa of both the transplant and the main pouch, in the 
two-pouch preparation, is of normal colour and bleeds readily when 
,, rubbed ^vith gauze. The best situation for the stoma appears 
to be^at the apex of a mamma; at the first operation a conveniently 
'tuated nipple is removed with scissors and the stoma of the transplant 
ht to the surface of the skin at this point. The resulting elevation 
f th stoma diminishes the extent of the erosion \vhich often occurs 
d 'ng the second stage, and also facilitates collection of the secretion 

*^'^”The™oSms”^rnormal type [Ivy and Farrell, 1925] show spon- 
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taneous motOity when the animal is fasting, and respond by firm 
contraction to mechanical stimulation, such as massage. The Klein- 
type pouch [Klein and Arnheim, 1932] has no muscular coat, and is 
therefore non-motile and incapable of expelling its contents; during 
an experiment its secretion must be collected by gentle pressure on 
the skin over the pouch. As Klein noted, the mucosa of the pouch 
soon becomes perfectly smooth owing to the disappearance of the 
rugse, and the stoma shows a tendency to close, necessitating periodical 
dilatation. Although this pouch is also devoid of Auerbach’s plexus, 
we observed no noteworthy difference in its secretory behaviour, as 
compared with those of normal type. 

Expebimentai, Methods. 

The animals were fasted for 12-18 hours prior tc an experiment, 
so that the secretion collected during the preliminary or “control” 
periods from each pouch was devoid of free acid. This was con- 
sidered an essential prerequisite in all experiments, in view of the 
comparatively small responses to be expected, and the necessity 
therefore of being certain that a production of free acid from either 
pouch did not represent merely the augmentation of a secretion already 
proceeding in response to an earlier stimulus, such as the previous 
meal. 

The samples of gastric juice were collected in graduated centrifuge 
tubes, and were measured and titrated udth N/10 NaOH for free and 
total acidity, using Topfer’s reagent and phenolphthalein as indicators. 
The amounts of acid secreted in each experimental period by the 
pouches is expressed in the tables as mgs. HCl, free and total. The 
technique of perfusion of the pouches {i.e. the application of solutions 
to the mucosa) was the same as that employed previously in this 
laboratory [Kim and Ivy, 1934; Ivy and Whitlow, 1922]. 

Since commercial liver extracts have been shown to be a potent 
source of secretagogues for gastric secretion [Kim and Ivy, 1 934] they 
were employed for this purpose in the present perfusion experiments. 
Amounts of the powdered extracts (Lilly, No. 343, or Wilson), equivalent 
to 100 g. of fresh liver, were dissolved for use in a volume of water too 
small to stimulate mechanically by distension of the gastric pouch, 
i.e. SO c.o. or less. 

Experimental Procedure. — The fasting secretion was first collected 
from both pouches for a control period of 30 minutes or more. If, 
as was usually the ease, this contained no free acid, the main pouch 
was then perfused at a low pressure (about 5 cm. H^O) with the' 
seoretagogue solution (not more than 50 c.c.) for the required length 
of time (30-120 minutes). Aliquots of the seoretagogue solution were 
titrated before and after application to the mucosa of the main pouch, 

VOL. XXXI.. NO. 2.-1041. 9 
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and from the figures so obtained the production of acid in this pouch 
during the perfusion period -was calculated. The subsequent secretion 
from both pouches was then collected and measured during 30-minute 
periods, until secretion of free acid from the transplant ceased. 

A production of free acid by the transplant was regarded as the 
only reliable criterion of stimulation, owing to the small volumes of 
juice usually obtained from such pouches, and the comparatively large 
amounts of mucus associated wnth low rates of secretion. 


1. The Hhmoeal Stimulation of Gastbic Seceetion feom 
THE StOJIACH and SmaLL INTESTINE. 

A. Responses to Meals and Oral Administration of Secretogogues. 
When a meal of bread, meat, and milk is fed to a dog vith the 
completed two-pouch preparation, a secretion of free acid is obtained 



2-5 

C-5 

0-8 

3-0 

6-4 

13-0 

1-4 

2-3 

1-9 

3-6 

0 


1-6 

3-8 


B. After the Application of Procaine to the Mttcosa of the 
Main Gastric Po\ich. 
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1 

Meal. 

70 

18-1 

S-8 

12-7 

4-5 

2-3 

3-3 

144 

145 
140 
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8-0 

18-3 

30-9 

37-0 

5-8 

30 

3-9 

3 


100 

24-4 

35-7 

43-5 

5-2 

3-0 

4-2 

1 

Oral administration 
of liver extract. 

ff ** 

50 

9-8 

8-6 

14-7 

3-9 

M 

3-2 

146 

3 

7-5 

16-7 

24-0 

32-6 

4-9 

2-4 

3-3 


^ Liver extract (8 g. of Lilly No. 343) given in four doses of 2 g. each during 
1 hour. 
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from the main gastric pouch and the transplant (Table I., A). This 
observation proves that the intestinal phase of the gastric stimulation 
produced by an ordinary meal involves a humoral mechanism. The 
latent period of the response, and its magnitvide, depend, mainly on 
the nature of the meal ; raw meat or liver, which passes rapidly through 
the intestine of these animals, may completely fail to evoke a response 
from either pouch. .This confirms the findings of Ivy, Lim, and 
McCarthy [1925], who used animals with vagotomised pouches of the 
entire stomach. 

A response of free acid from both pouches is also evoked by the 
oral administration of liver extracts by stomach-tube, but only when 
these are given in repeated small doses over an extended period of 
time of 1 hour or more "(Table I., A). Here, as in the case of a normal 
meal, an important factor is apparently the length of time for which 
the solution of liver extract remains in the small intestine [Kim and 
Ivy, 1934]. 

B. Responses to Perfusion of the Main Poiich with Secretagogms. 

When the main gastric pouch is perfused for 30 minutes or longer 
with a solution of secretagogues, a secretion of free acid is obtained 
from both pouches. Control perfusions of the same duration with a 
similar volume of w'arm w'ater or saline have no effect upon either 
pouch. 

These observations (Table 11., A) prove that the presence of 
secretagogues in the stomach causes the entry into the circulation of 
a humoral stimulant of gastric secretion. 

In the animal preparations which we have used in these experiments, 
the secretion by the transplant regularly appears in 15 minutes after 
the perfusion of the main gastric pouch has commenced. Prolongation 
of the perfusion time may increase the response of the transplant to a 
small extent, but this is usually complete in 1-5 hours from the start 
of perfusion, w'hatever the length of time for which the latter is 
continued (30-120 minutes). 


2. The Effect of Mechanigai. Stimulation of the 
Gastbio Mucosa. 

A. Responses to Distension of the Main Gastric Pouch. 

When the main gastric pouch (containing both fundic and pyloric 
mucosa) is stimulated mechanically, by distension with a rubber bag 
or condom filled ivith 100-200 c.c. of air, and exerting an intra-gastric 
pressure of 10-15 cm. H^O, a local response is obtained, as shown by 
the production of free acid (Table III.). 
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and from the figures so obtained the production of acid in this pouch 
during the perfusion period was calculated. The subsequent secretion 
from both pouches was then collected and measured during 30-ininute 
periods, until secretion of free acid from the transplant ceased. 

A production of free acid by the transplant was regarded as the 
only rehable criterion of stimulation, ouung to the small volumes of 
juice usually obtained from such pouches, and the comparatively large 
amounts of mucus associated with low rates of secretion. 


1. The Hhmoeae Stimulation of Gastric Secretion from 
THE Stomach and Small Intestine. 

A. Responses to Meals and Oral Administration of Secretogogues. 
When a meal of bread, meat, and milk is fed to a dog with the 
completed two-pouch preparation, a secretion of free acid is obtained 


Table I. 

A. Response of the Two-pouch Preparation to a Meal and the Oral Administration 
■ of Liver Extracts. 
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Oral administration 
of liver extract. 


* T,Ver extract (8 g. of Lilly No. 343) given in a single dose. 

-j- Liver extract (8 g. of Lilly No. 343) given m four doses of 2 g. each during 

hour. 
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Tabus III. 


A. Distension oj the Main Gastric Pouch. 


Dog. 

1 

\ 

Procedure. 

No. 

of 

Expts, 

Duration 

of 

response 

(lirs.). 

Main, poucli. 

Transplanted 

pouch. 

1 

P.A„ 

mg. 

m 

■ 

F.A., 

mg. 

T.A., 

mg. 

1 

Distension of main 

6 

21 

14-1 

ID'S 

37-0 

2-4 

0 

M 


pouch. 









2 

„ 

2 

2-3 

7-7 

7-4 

11-3 

1-3 

0 

0<5 

3 

» 

2 

2-8 

12-6 

14-9 

18-3 

2-2 

0 

1-2 


Average 

(10) 

2-4 

11-4 

13-9 

22-2 


0 

0-9 

B. Distension after Application of Procaine to the Main Gastric Pouch. 


Procaine (main 

2 

2-0 

6-7 

0 

7-5 

1-7 

0 

1-3 

IHI 

pouch). 










»» a 

2 

2-3 

3-7 

0 

3-9 

KEl 

0 

0-7 

IB 

#» >> 

2 

2-0 

7-0 

0 

9-9 

1-5 

0 

1-2 

M 

Average 

(6) 

2-i 

5-8 

0 

7-1 

1-4 

0 

1-1 

C. Averages of A and B. 

I. 

Distension 

(10) 

2-4 

11-4 

13-9 

22-2 

2-0 

0 

0-9 

II. Procaine . 

(6) 

2-1 

5-8 

0 

7-1 

1-4 

0 

M 


The size of the response of the main pouch varies with the pressure 
employed and its duration; but even when excessive pressures are 
used (15-30 cm. HjO), causing signs of nausea in the animal (salivation, 
restlessness, retching), and are maintained for periods up to 2 hours, 
no production of free acid from the transplant is detected, despite the 
fact that the amount of free acid secreted meanwhile by the main 
pouch may be considerably in excess of that evoked by perfusion vnth 
liver extracts (Table IV., Expt. No. 152), which has been shown to 
cause a humoral response from the transplant. 

Thus mechanical stimulation of fundic and pyloric mucosa in the 
main pouch cannot be shorvn, under the conditions of these experiments, 
to cause the liberation of a humoral agent of gastric stimulation. 
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Table II. 

A. Perfitsion of the Main Gastric Pouch in the Two-poitch Preparation with 
Secretogogues — Responses of the Main Pouch and the Trpnsplant. 



Perfusion liver ex- 
tract. 30 minutes, 
4-0 g. 


Main pouch. 

Duration 

of 

response ^ 

^ c.c. mg. 


14-2 25-4 61-5 


Transplanted 

pouch. 




9-1 1-3 36-1 1-6 0-8 1-2 

10-7 8-1 33-6 2-6 3-4 4-9 

2-1 13-6 1-7 0-9 1-5 


2-0 2-0 3-0 


Average (22) 


B. After the Application of Procaine to the Mucosa of the Main Pouch. 


Procaine to main 
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I. After the Application of Procaine to the Mucosa of the Transplanted Pouch 
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3. The Nathre op the Gastric Humoral Agent. 

A. The Effect of Procaine on the Htmoral Response. 

Sa-ritsch and Zeliony [1911-12, 1913] claimed that the response 
of the gastric fundus to mechanical or chemical stimulation of a pyloric 
pouch was abolished by preliminary subcutaneous injection of atropine 
or anEcsthetisation of the pyloric mucosa with 2 per cent, cocaine. 
They interpreted this as due to the paralysis by these drugs of the 
efierent and afferent portions respectively of a nervous reflex responsible 
for the transmission of stimulation from tlie pyloric pouch to the 
fundus. 

The effects of a local anaesthetic on the stimulation of gastric 
secretion seem to have been paid little attention subsequently; and 
since they appeared to offer a means of analysis of the nature of the 
humoral response of the transplanted pouch, it was decided to extend 
the work of the above authors, on the two-pouch preparation. 

Ancesthetisation of the Main Gastric Pouch. — When the mucosa of 
the main gastric pouch was anaesthetised by a preliminary perfusion 
with 50 c.c. of a 6 per cent, solution of procaine for 16-30 minutes 
(after lavage with warm saline to remove' mucus) the subsequent 
perfusion of this pouch with the usual solution of secretagogues failed 
completely to evoke a response (production of .free acid) from either 
the main pouch itself or the transplanted pouch. The preliminary 
perfusion Avith procaine did not stimulate either pouch (Table II., B). 

A 2 per cent, solution of cocaine, as used by Zeliony and Savitsch, 
was found to have a similar action to procaine, and was employed in 
the first few trials. However, its use was soon discontinued in favour 
of procaine, which is less toxic if absorbed into the circulation, and is 
also largely devoid of vascular effects possessed by cocaine (vaso- 
constriction) which might have complicated the interpretation of the 
results. 

Weaker solutions of procaine (2 per cent.) were found to diminish 
but not abolish the humoral response and the local response of the 
main pouch, on application to the latter. This is consistent with the 
known relative potencies of cocaine and procaine as local ansesthetics, 
and also confirms the findings of Lim, Ivy, and McCarthy [1925], who 
found that a 2 per cent, solution of procaine, when applied to the 
vagotomised pouch of the entire stomach in a dog, diminished but did 
not abolish the response to distension. 

Ancesthetisation of the Transplant. — When a 5 per cent, procaine 
' solution was applied to the mucosa of the transplant in the same way 
as to the main gastric pouch, it was found that the transplant still 
responded to the subsequent perfusion of the main gastric pouch \vith 
secretagogues (Table II., C). This shows that procaine does not 
paralyse the parietal cell. 
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B. Mechanical Stimulation of the Transplant. 

In two experiments, balloons were placed in both pouches for the 
purpose of recording simultaneously changes in motility. That in 

Table 

Showing that Distension of (he Main Poveh does not cause the Transplanted 

Pouch to Secrete. 


Only some of the results of the experiments performed are cited here. 


Dog. 

Expt. 

No. 

Duration 

of 

response 

(hrs.). 

Main pouch. 

Transplanted 

pouch. 

Remarks. 

Vol., 

c.c. 

F.A., 

mg. 

T.A., 

mg. 

Vol., 

c.c. 

F.A., 

mg. 

T.A., 

mg. 

■ 

151 

2-6 

21-1 

36-7 

42-8 

1-6 

0 

0-'6 

Pressure -f , 60 










minutes. 

1 

152 

1-8 

24-8 

67-6 

136-0 


0 

1-8 

» »* 

3 

162 

3-0 

14-8 

17-9 

21-7 

2-6 

0 

1-0 

9i »> 

3 
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2-5 

10-3 

11-8 

14-8 

1-8 

0 

1-4 

99 »* 

2 
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2-5 

7-2 


13-1 

1-7 

0 

0-6 

» » 

Distension of Both Pouches. 

n 
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2-0 

16-2 

16-5 


1-9 

1-0 

2-0 


n 

154: 

3-0 

9-1 


25-4 

4-6 

3-6 

7-1 




Distension of Transplanted Pouch Alone. 

■ 

165 

B 

4-6 

0 

■ 

D 

0-7 

1-4 



the main pouch was distended at intervals to pressures of 15 cm. HjO 
or more; and at the conclusion of the experiments a secretion con- 
taining free acid was collected from both pouches (Table IV.). This 
was at first thought to indicate a humoral transmission of mechanical 
stimulation of the main pouch, since the balloon in the transplanted 
•pouch had been inflated to only a low pressure throughout (5 cm. HjO). 
However, when this pouch alone was distended to the same pressure 
before, for a similar length of time (about 2 hours), a secretion of 
fr acid was again obtained from it, sho-ndng that the response from 
+li transplant in the first instance had been due to local mechanical 
jyy and Farrell [1925] remark that in one out of several 
’Ss they were successful in obtaining a response to mechanical 
Simulation in their transplants. 
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entering the circulation during perfusion of the pouch; and {b) a 
substance of hormonal nature, liberated from the mucosa of the main 
gastric pouch by the presence therein of secretagogues. 

If the gastric humoral agent consisted of secretagogues absorbed 
into the circulation during perfusion, procaine might abolish the 
response of the transplant bj' preventing the absorption into the 
circulation of sufficient secretagogues to stimulate the transplant, i.e, 
by decreasing the permeability of the mucosa to secretagogues. 

Since there appears to be no way of determining the permeability 
of the mucosa to such secretagogues directly, an attempt was made 
to ascertain whether procaine diminished the permeability of the 
mucosa of the main pouch to other substances kno^’m to stimulate 
gastric secretion when present in the circulation in small concentration, 
namely, histamine and ethyl alcohol. 

The main gastric pouch was first perfused with solutions of: [a) 
histamine, and (6) ethyl alcohol, using in each case decreasing amounts 
until the "threshold” amount of each substance required for stimulation 
under these conditions was arrived at. Perfusion of these minimal 
quantities of histamine and alcohol was then repeated after the 
anffisthetisation of the mucosa of the pouch rvith 5 per cent, procaine 
in the usual way. Stimulation of both pouches still resulted (Table V.). 

There is no evidence, therefore, from these experiments to show 
that the permeabilitj’’ of the mucosa of the main gastric pouch to 
histamine and alcohol is significantly decreased by the previous 
application of procaine. 

Unfortunately, such experiments must necessarily be inconclusive, 
since it is impossible to prove that procaine does not exert a slight but 
undetectable effect on the permeability of the mucosa to secretagogues 
alone, reducing their absorption sufficiently to abolish a humoral 
response of the transplant. 

However, a stronger argument against the rdew that the humoral 
agent consists of absorbed secretagogues lies in the fact that although 
the procaine applied to the mucosa of the main pouch is able there to 
prevent the secretagogues present during perfusion from stimulating 
the gastric gland-cells, it is not able, when applied to the mucosa of 
the transplant, to prevent the gland-cells from responding to the 
humoral agent which is liberated into the circulation by perfusion of 
the main gastric pouch with secretagogues. A logical conclusion from 
this seems to be that the humoral agent is not the same substance as the 
secretagogues which, when perfused in the main pouch, cause the 
appearance of the humoral agent in the circulation. 

If this is accepted, then the humoral agent involved must be of 
a hormonal nature — a substance whose liberation into the circulation 
from some site in the gastric mucosa is stimulated by the presence of 
secretagogues in the main gastric pouch. The effect of procaine on 
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B. The Effect of Procaine on the Response to Mechanical Stimulation. 

After the preliminary application of a 5 per cent, solution of procaine 
to the mucosa of the main gastric pouch, mechanical stimulation of 
this pouch by distension Tvith a balloon at moderate or e.xcessive 
pressures, as already described, for periods up to 2 hours, always 
failed to evoke a local response from this pouch, as shown by the 
absence from the secretion of detectable amounts of free acid 
(Table III., B). 


C. The Effect of Procaine on the Responses to Meals, etc. 

The application of a S per cent, solution of procaine to the mucosa 
of the main gastric pouch did not prevent the response of this pouch 
or the transplanted pouch to a meal or secretagogues administered by 
stomach tube (Table I., B). This observation shows that procaine, 
whatever the mechanism by which it prevents the liberation of the 
humoral agent from the main gastric pouch on perfusion of this with 
secretagogues, is unable to prevent the response of either pouch to the 
presence in the circulation of a normal humoral stimulus, liberated from 
the intestine by the presence therein of a meal (or of secretagogues). 

This is in conformity with the previously observed failure of procaine, 
applied to the mucosa of the transplant, to prevent the response of 
this pouch to the humoral agent liberated by perfusion of the main 
gastric pouch with secretagogues. 


4. The Action of Phocaine. 

The simplest explanation of the results would be that procaine 
acts by exerting a general toxic effect on the cells of the gastric mucosa, 
both locally and (after absorption) on the transplant, or that it causes 
vasoconstriction of the vessels of the mucosa. That neither of these 
explanations is likelj" to be the case is clear from the following evidence ; 
[a) the application of procaine to the transplant does not prevent it 
from responding to the humoral agent liberated by perfusion of the 
main pouch Avith secretagogues; (6) the application of procaine to 
the mucosa of the ?nain gastric poiich does not prevent either pouch 
from responding to the humoral agent liberated elsewhere by a meal 
or orally administered secretagogues; (c) the subcutaneous injection 
of 25 c c of 5 per cent, procaine is found to haim no effect on the 

responses of either pouch to a stimulus. , 

alternatives remain, based respeotivel 3 ' on the h3potheses 
, , iiumoral agent liberated by perfusion of the main gastric 
h vdth secretagogues consists of: (a) the same secretagogues, 
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the mucosa of this pouch must therefore be to paralyse a mechanism, 
(probably nervous) ■wliich is normally responsible for both the local 
stimulation of the gastric glands by secretagogues and also the liberation 
into the circulation of the hormonal substance. 

It has been shown that there is no evidence from the present work 
in favour of the liberation of a humoral agent (which would be of a 
hormonal nature) from the gastric mucosa by mechanical stimulation 
(distension). However, the application of procaine to the mucosa of 
the main gastric pouch abolishes the local response to mechanical 
stimulation, as it does to stimulation by secretagogues. Therefore 
the mechanisms involved in local mechanical and chemical stimulation, 
while similar in character, are probably not identical; for the one 
involves the liberation of a humoral agent, probably of a hormonal 
character, while the other does not. 

Finally the gastric humoral agent, if a hormone, is unlikely to have 
its site of origin in the parietal ceU; for this can apparently be stimu- 
lated more strongly by distension than by secretagogues, and yet the 
former stimulus cannot be shomi to liberate the humoral agent. 


5. The Pyloric Regiok as the Site op Origin op the 
Gastric Humoral Agent. 

The pyloric region of the stomach was considered by Edkins [1906] 
to be the site of origin of the hormone “Gastrin”; and although many 
attempts have since been made to demonstrate that mechanical or 
chemical stimulation of this region will evoke a humoral response from 
the fundus, such experiments have usually given questionable or 
negative results. There appears to be no conclusive evidence to support 
this concept of a gastric hormone liberated from the p 3 doric region of 
the stomach. However, the idea of a “pjdoric hormone” is apparently 
entertained by some workers even at the present time [Babkin, 1934; 
Komarov, 1938]; and it has been claimed [Klein, 1935] that after 
removal of the pyloric antrum from the main portion of the stomach 
in a dog with a transplanted fundic pouch, this pouch lost its original 
response to a meal, while retaining its sensitivity to other humoral 
stimuli (histamine). In view of the results of our experiments with 
procaine, it was considered of interest to ascertain whether the exclusion 
of the pyloric region from the main gastric pouch of our two-pouch 
preparation abolished the humoral response of the transplant to 
perfusion of the main gastric pouch with secretagogues. 


Method. 

One of the dogs having a two-pouch preparation was subjected to 
a further operation, in which the pyloric antrum, together with part 
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Tabm V. 


Slioxmng the Failure of Procaine (5 per cent.) applied to Main Stomach to prevent 
Stimulation of Secretion of Main Stomach and Transplanted Stomach after the 
Application of Histamine and Alcohol. 




Duration 

Dog 

No. of 

of 

Mo. 

experiments. 

response 



(Ims.). 


Main pouch. 


Transplanted 
pouch. . 





without procaine. 


1 

2-0 

11-2 

14-1 

20-8 

2-2 

1-3 2-3 

1 

1-5 

12-0 

78-6 

98-4 

2-1 

1-3 3-9 

1 

1-5 

2-6 

35-0 

31-7 

0-8 

0-2 0-3 

Ave. 4 expts. 

Ave. 1-5 

4-0 

24-0 

39-4 

1-2 

0-7 0-9 


50 c.c. water 
applied 30 min. 
»» >» 


6 per cent. Procaine applied to Main Stomach. 

Ave. 3 expts. | 1-8 | 3-2 | 28-0 | 40-9 | 1-8 | 0'6 | 1-3 | 10 mg. 


Without Procaine. 


2-25 

8-8 

66-9 

82-1 

3-4 

7-5 

8-6 

1-5 

3-6 

18-7 

26-3 

1-5 

0-4 

0-9 



After Procaine. 

2-8 11-7 47-4 64-0 5-3 I0'9 14'4 I 26 mg 

1-5 2-6 19-2 26-3 1-4 0-5 1-2 

1-5 4-4 3-9 11-8 1-2 0-3 0-8 


Without Procaine. 

4 1 Ave. 2 expts. 1 2-0 | 4-1 |_16-0 | 24-0 | 1-5 | 0-7 I 1-0 | 25 mg 

After Procaine. 

4 I Ave. 2 expts. I 1-75 I 2-5 I 11-5 I 18-0 I 1-2 | 0-2 | 0-4 | 25 mg 


Without Procaine. 

•5 I 20-5 1 38-0 I 67-1 I 6-7 I 13-0 I 14-8 I 7 per cent, alcohol, 

I 50 c.c. for 30 min. 


After Procaine. 

•5 I 11-5 I 38-8 I 50-2 I 4-3 I 5-5 I 8-2 I 


Without Procaine. 

2.0 6-2 I I9-I I 31-1 I 1-3 I 2-6 I 3-0 

After Procaine. 

2-0 I 4-8 I 23-5 I 27-3 | 2-0 | 1-0 I 1-4 


Without Procaine. 

. on 6-5 20-2 24-1 1-5 1-0 1-3 I 3 per cent, alcohol, 

4 Ave. 2 expts. j 30 c.c. for 30 rain. 

- I- - 5:0 17-0 24-0 1-0 0-2 0-G 

4 Ave. 2 exptsrf--l ^ 


■aa 
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to the mucosa of the main fundic pouch was found to abolish the 
response of both pouches to secretagogues; no experiments have yet 
been made on the response of the procainised transplant to perfusion 
of the main fundio pouch vdth secretagogues. 


Table VI. ■ 


A. Response of the Transplanted Fundic Pouch and the Main Fundic Pouch to 
Perfusion of the Latter with Secretagogues ; Three-pouch Preparation, 




Duration 

Ftmdic pouch 
only. 

Transplanted 

pouch. 

Expt. 

Procedure, 

of 

response 

(hrs.). 

Vol., 

c.c. 

F.A., 

mg. 

T.A., 

mg. 

You 

c,c. 

F.A., 

mg. 

T.A., 

mg. 

166 

Perfusion with No. 343 
(Lilly) 60 minutes. 

2-0 

1-9 

TR 

18-0 

1-0 

0-3 

0-7 

167 


2-5 

2-8 

0-5 

11-4 

M 

0-3 

0-8 

168 


2-5 

1-7 

0-2 

9-6 

1-7 

TR 

0-9 

169 

Concentrated liver extract 
(equivalent to 200 g. 
fresh liver).* 

2-5 

2-6 

17-2 

34-0 

1-5 

0-6 

1-3 

B. After the Application of Procaine to the Mucosa of the Main Ftmdio Pouch. 

170 

Concentrated liver extract, * 

2-5 

2-5 

0 

11-3 

1-4 

0 

1-2 

171 

It ft t1 

2-5 

4-4 

0 

18-4 

1-6 

0 

M 

172 

tt » »» 

20 

1-5 

0 

M 

1-4 

0 

0-8 


* Concentrated liver extract was prepared from Lilly No. 343 by precipitation 
with phosphomolybdic acid and AgNO^ in alkaline solution. 


In view of the fact that these experiments have so far been performed 
only on one dog, they are subject to confirmation. However, the 
positive nature of the results so far would appear to leave no reasonable 
doubt that the presence of the pyloric mucosa is not essential for 
elicitation of the humoral response of the transplanted fundic pouch 
on perfusion of the main gastric pouch with secretagogues. 


CoNCntlSIONS AND SUMMABV. 

Evidence has been presented that there are at least two com- 
ponents in the humoral stimulation of a transplant of the gastric fundus 
by a meal- — one liberated from the gastric mucosa by the presence of 
secretagogues, and the other from the mucosa of the small intestine 
by the presence therein of food or secretagogues. The results of the 
experiments in which the mucosa of one or other of the pouches of 




126 


Gregory and Ivy 

of the adjoining fundus (to ensure complete resection of the pyloric 
region), was converted into a third “pjdoric” pouch. A pouch was 
made in preference to removal of this region, as certain perfusion 
experiments were contemplated at the time of operation; later cir- 


Fig. 


cumstances prevented these from being carried out. The remainder 
of the main gastric pouch (consisting of fundus only) was then closed 
and a metal cannula inserted (fig. 4). The inclusion of fundio mucosa 
in the “pyloric” pouch was shown by the occasional presence of free 
acid in the secretion collected after a meal; it therefore seemed un- 
likely that any pydoric mucosa could have been left in the fundic 
portion of the main gastric pouch (“main fundic pouch”). 



I Transplant 


4. — The three-pouch preparation — transplant, main fundic pouch, and “pyloric" 
pouch, with oesophageal/duodenal anastomosis. 


Results. 

Since the preparation of the “pyloric” pouch had undoubtedly 
reduced even further the blood supply^ to the remainder of the fundus 
of the main gastric pouch, it was expected that this would no longer 
respond when perfused -nuth secretagogues. However, in four experi- 
ments so far performed, in which the main fundic pouch was perfused 
with a solution of secretagogues, a response of free acid was obtained 
from both this pouch and the transplant. The response was smaller 
than before, owing at least in part to the diminished blood supply to 
the fundic pouch which remained; but the unmistakable secretion of 
free acid by both pouches shows that the presence in the main gastric 
of the pyloric mucosa is not essential for either the local response 
f the main fundic pouch or the humoral response of the transplant 
to uerfusion of this -with a solution of secretagogues. In three experi- 
T (Table VI.) application of 5 per cent, solution of procaine 
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ADRENALINE BRONCHOCONSTBICTION IN ISOLATED 
BLOOD PERFUSED LUNGS. By I. de Btjbgh Daly, 
Catheeine 0. Hebb,^ and B. Peteovskaia. From tFe 
Department of Physiology, Unhmrsity of Edinhurgh. 

{Seceived Jor publication 8th October 1941.) 

In a preliminary communication, Daly, Mark, and Petrovskaia [1937] 
reported that in isolated blood perfused dog lungs, single injections 
of adrenaline following the addition to the circulation of posterior 
pituitary extracts (Parke-Davis products) produced bronchocon- 
striction. This was regarded as an abnormal response in view of the 
fact that rnth few exceptions [see Golla and Symes, 1913] the vast 
majority of workers have found that adrenaline relaxes the bronchial 
smooth muscle. Again, according to experience in this laboratory 
with perfused lungs of different species, including the dog, guinea-pig, 
pig, rat, and Macacus rhesus, it has been found that injections of 
adrenaline into fresh lung preparations almost invariably produces 
bronchodilatation [Foggie, 1937; Daly, 1938; Petrovskaia, 1939 a; 
Hebb, 1940], Similar results were obtained by Daly, Mark, and 
Petrovskaia [1937], w’ho found that in three perfusion experiments, 
injections of adrenaline (5 to 20 fig.) repeated at hourly or longer 
intervals produced bronchodilatation or had no effect at all on the 
bronchi up to four hours of perfusion (fig. 1). These were used as 
control experiments against those in which posterior pituitary extracts 
were added to the perfusate. Further, in preparations receiving a 
continuous infusion of an adrenaline solution, they found that super- 
imposed single injections of adrenaline (10-1000 /xg.) produced only 
a weak bronchodilator effect or were without influence on the bronchi 
(fig. 2). When, however, pituitrin, pitocin, or pitressin was added 
to the perfusate during the later periods of perfusion (after 90 min. 
or more), adrenaline injections caused bronchoconstriction. This 
was observed in eighteen out of twenty-one consecutive experiments. 
The change in the bronchomotor response was remarkable: the first 
dose of adrenaline very often increased the tidal air by 10 or 20 p.c., 
whereas the same size of dose (5 to 20 fig.) given after administration 
of the hypophysis extracts diminished the tidal air often by as much 
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the t-wo-pouch preparation was' anaesthetised by procaine have pro- 
vided indirect evidence that the gastric component of the humoral 
stimulation is hormonal in nattire. No such experiments have been 
performed in connection with the intestinal phase. 

Experiments on one dog only, in which the pyloric region of the 
gastric mucosa was removed from the main gastric pouch of the two- 
pouch preparation, lead to the conclusion, subject to confirmation on 
other animals, that the presence in the main gastric pouch of this 
region of the stomach is not essential for the demonstration of the 
humoral response of the transplant to perfusion of the main gastric 
pouch with a solution of secretagogues. 
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ADRENALINE BEONCHOCONSTRICTION IN ISOLATED 
BLOOD BEREDSED LDNGS. B 5 ' I. de Beegh Daly, 
Catheeine 0. Hebb,^ and B. Peteovskaia. From the 
Department of Physiology, University of Edinburgh. 

{Bcccived jor publication Sih October 1941.) 


Ie a preliminary communication, Daly, Mark, and Petrovskaia [1937] 
reported that in isolated blood perfused dog lungs, single injections 
of ' adrenaline following the addition to the circulation of posterior 
pituitary extracts (Parke-Davis products) produced bronchocon- 
striction. This was regarded as an abnormal response in view of the 
fact that 4 vith few exceptions [see Golla and Symes, 1913] the vast 
majority of workers have found that adrenaline relaxes the bronchial 
smooth muscle. Again, according to experience in this laboratory 
with perfused lungs of different species, including the dog, guinea-pig, 
pig, rat, and Jfacacus rhesxis, it has been found that injections of 
adrenaline into fresh lung preparations almost invariably produces 
bronchodilatation [Foggie, 1937; Daly, 1938; Petrovskaia, 1939 a; 
Hebb, 1940]. Similar results were obtained by Daly, Mark, and 
Petrovskaia [1937], who found that in three perfusion experiments, 
injections of adrenaline (5 to 20 pg.) repeated at hourly or longer 
intervals produced bronchodilatation or had no effect at all on the 
bronchi up to four hours of perfusion (fig. 1), These were used as 
control experiments against those in which posterior pituitary extracts 
were added to the perfusate. Further, in preparations receiving a 
continuous infusion of an adrenaline solution, they found that super- 
imposed single injections of adrenaline (10-1000 p.g.) produced only 
a weak bronehodilator effect or were without influence on the bronchi 
(fig. 2). When, however, pituitrin, pitocin, or pitressin was added 
to the perfusate during the later periods of perfusion (after 90 min. 
or more), adrenaline injections caused bronchoconstriction. This 
was observed in eighteen out of tAventy-one consecutive experiments. 
The change in the bronchomotor response was remarkable: the first 
dose of adrenaline very often increased the tidal air by 10 or 20 p.c., 
whereas the same size of dose (5 to 20 pg.) given after administration 
of the hypophysis extracts diminished the tidal air often by as much 
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Fio. 1. — ^Dog, 22'0 kg. Isolated blood perfused lungs {I.P.L.). Negative 

pressure ventilation (N.P.V.). Absence of adrenaline bronchoconstriction after 
4 hours’ perfusion. Perfusion started 11.55 a.m. Adrenaline 10 /(g. injected 
at 12.50, 2.20, and 3.50 p.m. V.O. =blood volume of lungs, an upward move- 
ment of the lever denoting a diminution; T.A. = tidal air, downstroke inspiration, 
upstroke expiration; P.A.p. =pulraonary arterial pressure. 



17 9 —Seven experiments showing the gradual diminution m tidal air of 

■‘If cp(t with defibnnated blood. Adrenaline infusion or single injections 
lungs P alter the rate of tidal air decline but may cause transient 

of Inset =enlarged scale of early changes. Sp. = spontaneous 

bronchocuiQfcR • change. 
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as 50 p.c. (fig. 3). Since, in the control experiments in which no 
pituitary extracts were added, small doses of adrenaline injected at 
the outset and repeated at hourly or lialf-hourly intervals caused 
hronchodilatation or had no effect on the bronchi, it seemed a reason- 
able assumption that subsequent adrenaline bronchoconstriction was 
due to the action of the posterior pituitary extracts. 

We have now to report, howev'er, that adrenaline bronchocon- 
striction can be obtained under certain conditions in the perfused 
lungs of the dog without administration of hypophyseal extracts. 
When, a few months after publication of the preliminary report by 



Plo 3 —Dog, (J, 17 0 kg I P L , N P V. Perfusion startod 1 50 pm. 
0=20 ID. pitreasin followed by adrenaline 30 /ig , 6=20 ID. pitressin; c, rf, 
e, and/ =adr 20 fig ; g, h, and i =adr 2, 5, and 5 fig. respectively. Between i and 
], ergotoxine ethanesulphonate 10 mg j and L =odr 10 and 20 fig respectively. 
The numerals on the P A p. tracing denote the mean P.A.p. m cm. of salme. 


Daly, Mark, and Petrovskaia, we repeated the control experiments 
as described above, we discovered that single injections of adrenaline 
80-180 minutes after the commencement of perfusion frequently, but 
not always, caused bronchoconstriction. In general, the broncho- 
constriction was not so great as in the experiments in which pituitary 
extracts had been added to the perfusate, but once it appeared in any 
given experiment it could be repeatedly demonstrated. This discovery 
necessitated a re-examination of the whole problem. During this 
re-examination further experiments were also being conducted on 
Ringer solution perfused guinea-pig’s lungs by Petrovskaia [1939 6], 
who found that adrenaline in some experiments produced slight 
bronchoconstriction, in others a hronchodilatation. She suggested 
that the method she employed, which involved recirculation of the 
perfusion fluid, might lead to retention of tissue substances in the 
perfusion fluid and be responsible for the abnormal adrenaline response 
of the bronchial muscle. This opinion was strengthened by the results 
VOL XXXI , NO. 2 —1941. in 
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of perfusion experiments of other workers in which a continuous 
replacement of fluid was used: in these, adrenaline nearly always 
produced bronchodilatation. 

On analysis of our experimental records we were unable to find 
any reason for the difference between the results of the first series of 
“controls” by Daly, Mark, and Petrovskaia and those performed by 
ourselves. The experimental procedures in each case were apparently 
the same, and the suspicion that seasonal variations or the breed or 
sex of the dogs used had been responsible for the difference was readily 
eliminated. Moreover, we were unable to account for the absence of 
adrenaline bronchoconstriction in some but not in other preparations. 
After careful consideration it was decided that individual variation in 
the animals used for perfusion was an important factor, and that the 
problem might be studied to better advantage under improved control 
conditions, which could be obtained by perfusing separately the right 
and left lungs of the same animal, the one lung to be used as a control 
with which the results obtained from the other could be compared. 
A suitable technique having been devised for this purpose, we 
commenced a new series of experiments on the separate isolated 
perfused lung preparation. We desired first to re-examine the results 
obtained by Daly, Mark', and Petrovskaia — that is, to determine if 
possible w'hat significance could be attached to the action of hypo- 
physeal extracts in bringing about adrenaline bronchoconstriction; 
and, secondly, we hoped that by varying the experimental conditions 
it would be possible to account for the occurrence of this response in 
preparations not treated with hypophyseal extracts. We propose now 
to report in detail the results of these experiments. 


Methods. 

The experiments rvere all performed on the isolated perfused lungs 
of dogs. The animals w^ere first bled to death from the femoral artery 
under local ansesthesia, the blood being defibrinated or heparinised 
as it was collected and then stored at a temperature of 35-38° C. 
Next the sternum was split open and cannulse were inserted into the 
trachea, the pulmonary artery and the left auricle. The pulmonary 
blood-vessels were then washed through slowdy udth a portion of the 
stored blood, the lungs being inflated several times during the process. 
The pulmonary artery having been carefully ligated, all the cannula3 
'ere removed, the heart cut out and the pulmonary veins slit open. 
The right and left bronchi and pulmonary arterial branches w'ere 
sed and cannulm inserted into the bronchus and artery of one 
.«rhich was then transferred from the chest to the perfusion 
lung, other lung was treated in a similar manner. In the 

appara ^ (gg. 4 ) the lungs were placed on trays, and perfused 
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with defibrinated blood at constant inflow by means of Dale and 
■ Schuster pumps. The stored blood was usually divided equally between 

the two circulations. , _ 

The method is essentially similar to that described in earlier papers 
[Berry and Daly, 1931; Alcock, Berry, Daly, and Narayana, 1936], 
but in the experiments described here the bronchial circulation was 
not perfused. In connexion with this apparatus there is a further 
point to be noted : a partition running longitudinally in the respiratory 


v.a Wf r.A 



Fio. 4.~Apparatu8 for perfusing the pulmonary circulations of each lung 
separately under negative pressure ventilation. A=twin Dale and Schuster 
pumps driven by separate motors; spiral glass coils (not shown) are fitted inside 
the water-bath to the output connexions (shaded) of the pumps. B =alumiaium 
respiratory chamber made air-tight vdth plate-glass cover (not shown). 
C=U-tube8 on venous side of circulations to prevent suction of air into B at 
each negative pressure cycle. D =adiuatablo air leak into B. M =eleotrio motor 
with reduction gear for operating valvo (V) for the intermittent admission of air 
into chamber B. t =; thermometer. V.B. =vonou8 reservoirs. 1, 1 = coimexions 
for tidal air (T,A.); 2, 2=input connexions to pulmonary arterial branches; 
3, 3 =venou8 outflow connexions draining blood from receptacles B, F into 
venous reservoirs (Y.R.); 4, incurved enamel or glass trays containing left 
and right lungs with cut pulmonary veins from which blood drains into F, B; 

5, 5, 5 =awitchea for heaters controlling temperature of chamber B. 


chamber (B) is not shown in the figure. The partition makes it possible 
to isolate each lung in its own air-tight chamber (when a plate-glass 
top is put into position and sealed shut with vaseline) and to control 
the ventilation of each independently of the other. That is, for each 
chamber there is a- separate ventilation system — the suction, apparatus 
(Vactric cleaner), the motor M and valve V being duplicated — by 
which the negative pressure variations for each chamber can be 
I’egulated at will. 

In recent experiments we modified these methods in certain par- 
ticulars. Instead of placing the lungs on trays we suspended each 
from the bronchial tube cannula which was itself fixed into the vrall 
of the chamber, its one end communicating with the lung and its other 
end, external to the chamber, connected to the spirometer which 
recorded the tidal air. Thus the lung was supported entirely by the 
bronchial ligature. As is well known, there is some disadvantage in 
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suspending lungs from the bronebus, since the upper lobes are apt to 
fall over and restrict the blood and air supply. This is especially so 
of lungs taken from larger animals. The arrangement, hou'ever, is 
more convenient than that shonm in fig. 4. Standing beneath the 
lung -(vas a beaker which acted as the venous reservoir receiving the 
pulmonary venous blood as it dripped from the opened pulmonary 
veins. In some of the experiments of this group we used roller pumps 
[Baybss and Muller, 1928] instead of Dale and Schuster [1928] pumps. 
Also in some experiments we set up three perfusion systems consisting 
of (1) the intact right lung, (2) the two upper left lung lobes, and (3) 
the lower left lung lobe. In twelve experiments we collected either 
all or part of the blood in heparin (Jorpes’s heparin: 10 mg. per 100 c.c. 
whole blood) instead of defibrinating it.' 

Records . — Records taken separately for each lung included tracings 
of the tidal air (T.A.), pulmonary arterial pressure (P.A.p.), and in 
some experiments the blood volume of the lung. Por measurement 
of the pulmonary arterial pressure, tambours [Palmer] were used. 
The changes in lung blood volume were measured by recording the 
alterations in blood content of the venous reservoir [Daly, 1938]. 

Graphic Representation of Inmg Responses (figs. 5-8, 10). — Our aim 
was to - measure the immediate effect of a drug on the pulmonary 
arterial pressure, the tidal air and lung blood volume (L.B.V.), us 
well as any lasting influence which it might have in modifying subse- 
quently the action of some other drug. It became necessary therefore 
to devise some form of graphic representation of each experiment 
which would enable us to visualise at a glance not only the general 
course of the P.A.p., T.A., and L.B.V. changes attributable to the 
effects of perfusion alone over a period of 2-3 hours, but also the 
immediate and remote effects of the drug injections. The graphic 
method employed is briefly described below and is purely arbitrary. 
The drawing of the graphs has been a somewhat laborious process and, 
although they do not represent our results with strictly quantitative 
precision, they have proved invaluable for the purpose of comparing 
results obtained from a large number of experiments. 

In all graphs the L.B.V., T.A., and P.A.p. are arranged from above 
dovmwards, the initial values of the last two being taken as 100 p.c. 
and all subsequent values plotted relative to this figure. Tbe change 
in L B "P. is plotted in c.c. The dose of the injected drug is shomi in 
rectangular columns, the responses obtained being shown on the same 
ordinate Details of the method of construction will be found in the 
Annendix. It is sufficient to say here that tbe mean values of the 
LBV T A and P.A.p. relative to their respective initial values can 
1 ppn nt a glance at any stage of the experiment, and that the solid 
Wack areas intermittently appearing on the L.B.V., T.A., and P.A.p. 

diminished lung blood volume, broncboconstnction, 

curves repres'cuu 
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and pulmonary vasoconstriction respectively, ivliereas the corresponding 
unshaded areas represent increased lung blood volume, broncho- 
dilatation and pulmonary vasodilatation respectively. It will be seen 
that the lung blood volume gradually increases during perfusion, but 
that single injections of adrenaline decrease the L.B.V. as indicated 
by the thickness of the curve (see fig. 5). 



Fig. 5. — Dog, 3 , 8'0 kg. I.P.L., N.P.V. Blood temp. =37-5'’ C. Effect 
of small doses of ndrennline injected at lO-mmute intervals. Animal bled to 
death 10.40 a.m.; perfusion started 11.30 a.m.; 1st injection of adrenaliiie 
(2 fig.) at 12.30 p.m. The kymograph tracing shows the response to the Sth 
injection of adrenaline (2 fig.). 

Dnigs. — ^Drugs were injected into the pulmonary arterial tubing 
or into the venous reservoirs. The following were used; crystalline 
adrenaline (B.D.H.), or adrenaline solution with 0-5 p.c. chloretone 
(Parke, Davis & Co.), the two preparations having been found not to 
differ in activity; ergotoxine ethanesulphonate and atropine sulphate 
(B.D.H. xjroducts); pituitrin, pitocin, and pitressin (Parke, Davis & 
Co.); and infundin (Burroughs Wellcome Ltd.). We are indebted to 
Messrs. Parke, Davis & Co. and to Dr. J. M. Robson for highly purified 
samples of pituitrin, pitocin, and pitressin. 

Results. 

Spontaneous Appearance of Adrenaline Bronchoconstriction. — Pigs. 5 
and 6 are typical of the results obtained, in perfusions of the whole 
lung, from repeated injections of small doses of adrenaline at ten-minute 
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intervals. One section of the kymograph tracing from wJiicb tie graph 
■vvas constnicted is sbovra in fig. 5 for comparison. These experiments 
and others served as our second series of “controls” and were, as 
previously mentioned, in direct opposition to the earlier “controls,” 
which showed no adrenaline bronehoconstriction. Adrenaline broncho- 
constriction did not occur in every experiment; even so, it seemed 
remarkable that it had not been previously encountered in the absence 
of posterior pituitary extract injections. One difference between the 



6, Dog, $, 11 -3 kg. N.P.V. Showing the effect of adr. 10 fig. 

injected at 10-minute inten'als. Adrenalme bronchodiiatntion is replaced by 
slisht bronehoconstriction. P =adr. +0-5 p.c. chloretone (Parke, Davis and Co.). 

° Ciystallino adrenaline used for other injections. 

two series of control experiments was that in the first the interval 
intervening between the injections was long, whereas in the second it 
was considerably shorter. In spite of the fact that we had not obtained 
adrenaline broneboconstrietion in preparations in which adrenaline 
■ f aion was carried out, this difference at once suggested that adrenali- 
of the blood might itself be responsible for the appearance of 
th ^'lAnormal adrenaline response following single doses. We therefore 
■ d out further adrenaline infusion experiments to test this 
'<? Adrenaline was infused into the circulation at rates of 
hypo • gingle doses of adrenaline were injected at lO-minute 

2-50 a after. On starting the infusion the usual response to 

interva s namely, augmentations in the venous outflow 

adrenahne was oOtameu, u .j > e, 
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and pulmonary arterial pressure, with or without an increase in tidal 
air (Table !.)• Subsequent single injections of large amounts of 
adrenaline had no effect on the tidal air in the experiments in which 
5 fig. adr./min. or more was being infused. On the other hand, the 
pulmonary arterial pressure and venous outflow responses generally 
remained normal although somewhat diminished in size. These 
results show that the presence of adrenaline infusions greater than 
5 /ig./min. in the blood diminished the sensitivity of the bronchial 
musculature to subsequent doses of adrenaline, and to a certain extent 
diminished the response of the pulmonary vascular bed. hlo evidence 
was obtained that previous adrenalisation of the preparations favoured 
the appearance of adrenaline bronchoconstriction. At this stage of 
the investigation we turned our attention to separate perfusion of 
each lung. 


Table I. — ^Effect of Single Injections of Adrenaline on Lungs 
Perfused with Adrenalinised Defibrinated Blood. 


No. 

Adr. 

infusion 

(/ig./min.) 

Duration 

(min.). 

Effect at start of 
infusion. 

Effect of s.i. adr. 
during infusion. 

s.i. 

dose 

(ug-h 

P.A.p. 

T.A. 

V.O. 

P.A.p. 

T.A. 

V.O. 

1 

20 

10 

+ 

0 

+ 

+ 

0 

+ 

10-200 

2 

6 

10 

4* 

+ 

+ 

0 

0 

+ 

2-25 

3 

10 

33 

+ 

+ 

+ 

+ 

0 

4* 

10 

4 

50 

25 


0 

+ 

+ 

0 

+ 

60-500 

5 

4 

67 

+ 

+ 

0 

+ 

+ 

+ 

10 

6 

5 

227 


+ 

+ 

+ 

0 

4* 

4-10 

7 

10 

< . 

+ 

+sl. 

0 

0 

0 


10-25 

8 

2 

143 

si. + 

0 

sL 4- 

+ 


sL 4* 

10-20 


P.A.p. ^pulmonary arterial pressure; T. A. bridal air; V.O. = venous outflow; 
s.i. adr. =smgle injections of adrenaline. 


Separate Perfusion of Each Lung . — In order to discover how far 
the physiological conditions of the right and left lung during prolonged 
perfusion could be regarded as comparable, the pulmonary arterial and 
bronchomotor responses to single injections of acetylcholine, histamine, 
and adrenaline into each lung were recorded at intervals for periods of 
2-3 hours. The results of one such experiment are graphical^ illus- 
trated in fig. 7, from which it will be seen that the pulmonary arterial 
responses of each lung are almost quantitatively identical and the 
tidal air responses show good agreement. Later experience of over 
100 separated lung perfusions showed that the pulmonary arterial 
responses to adrenaline were closely similar in not less than 96 p.c. 
of experiments, and the tidal air responses in not less than 85 p.c. 





rtinuTes 


rtmuXeS 


Fig. 7. — Dog, 13-6 kg. R. and h. lung perfused separately. Jf.P.V. 

Injections of adrenaline (unshaded columns), ACh. and histamine ’trere given 
simultaneously into each circulation. At Y the mean extrapulmonary pressure 
rhj'thmically mdating the lungs was lowered. 



„ o 19‘5 kg. R. and L. lung perfused separately. N.P.V. 

TT *„«„otr;ctor response to adrenaline (15 fig.) of left lung and vasodilator 
Vasooon (13 /ig.) of nght lung. Sp. =6pontnneous bronchodilnta- 

response t _vpntilation pressure changed. Pituitrm (Pu) was added to loft 
tion. lung circulation only. 
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One experiment is worthy of special mention because it illustrates 
an extreme variation in the adrenaline response of the pulmonary 
vascular beds of the two lungs. Repeated doses of adrenaline over a 
period of 2|- hours produced a fall in pulmonary arterial pressure in 
one lung and a rise in the other (fig. 8); the bronchi responded poorly 
to adrenaline. The persistence of a depressor response to repeated 
doses of adrenaline during 2 hours’ perfusion is, in our experience, 
unique. The pressor response to adrenaline in the left lung of this 
experiment was hot altered by the addition of “pituitrin,” a point we 
had noted in previous experiments. We believe therefore that it would 
have persisted even if pituitrin had not been added to the blood. Thus 
the adrenaline depressor response of the right lung, to which no pituitrin 
had been added, indicates a real difference between the two lungs in 
respect of their reactivity to adi’enaline. This phenomenon can be 
accounted for by assuming either that adrenaline is not acting upon 
the same part of the pulmonary vascular bed in each lung, or that the 
state of the smooth muscle of the blood-vessels in the one lung is 
different from that in the other. The fact that the animal’s own blood 
was used for perfusion and equally divided between the two lung 
preparations rules out the possibility of the blood being responsible 
for the observed difference. Both lungs appeared healthy to the naked 
eye and both remained in good condition during perfusion. We have 
one clue which suggests that this difference in response is not due to 
the site of adrenaline action differing in the two lungs. Rarely, one 
finds in the perfused lung of the dog that a first dose of adrenaline 
causes a fall in pulmonary arterial pressure, but subsequent doses, 
either similar or larger, a rise; accompanying each of these responses 
is an increase in blood flow from the lungs or no significant change 
(fig. 9). This result suggests that the action of adrenaline on the 
vessels governing the blood outflow is the same in both cases, but its 
action on the vessels governing the infloio is dilator to the first 
injection and constrictor to subsequent injections. We are of the 
opinion, therefore, that the state of the muscle of the pulmonary 
arterioles is the factor which determined the different arterial 
pressure responses to adrenaline in the experiment illustrated by 
fig. 8. 

Potential Influence of Pituitrin, Pitocin, and Pitressin in Causing 
Adrenaline Bronchoconstriction. — Since our later experiments on isolated 
perfused dog lungs showed that the bronchoconstrictor response to 
adrenaline might develop without earlier addition of hypophyseal 
extracts to the circulation, we were led to question whether in the 
experiments conducted by Daly, Mark, and Petrovskaia the association 
of adrenaline bronchoconstriction rvith hypophyseal extract premedica- 
tion had been merely fortuitous, or w'hether such premedication, while 
not actually essential to the response, did potentiate it. To obtain 
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Fig. 9. — ^Dog, $, 6-6 kg. I.P.L., N.P.V. a, Ist injection =Balme control; 
2nd = 0-5 ftg. adrenaline; 6, Istrrgaline control; 2nd = 100 fig. adrenaline. 
The venous outfloiv is if anything slightly increased in each case (V.R. tracing). 
Interval between a and 6 = 100 minutes. 



•o in— Doc (J. 29-5 kg. R. and L lung perfused separately. N.P.V, 
Fro. ly. „ adrenaline injected at lO-mmute mten-als. Test lung, 

Control lung, J I.D./niin. (dotted line gives total quantity infused) 

infusion of pn at”l0-mmute intervals. Pituitrm 5 I.D. was injected at 

and ®'^®“of”espenment into test lung only, xx' = lungs lightly inflated. 
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the answer to this question was the immediate purpose of our experi- 
ments on the separated isolated perfused lungs. 

Retaining one lung as a control, pituitary extracts (pituitrin, pito- 
cin, pitressin, separately or together, and infundin) were added to the 
circulation of the other, while to both single injections of adrenaline 
(0-5 fig. and upwards) were given from the outset of perfusion and 
repeated at ten-minute intervals. The extracts were given by single 
injection or by steady infusion. The result which was of the most 
immediate interest was that we were unable to find that any of these 
extracts either potentiated or otherwise affected the adrenaline broncho- 
constrictor response (fig. 10). In certain experiments this response 
occurred indiscriminately in both the test and the control lung, being 
sometimes more marked in the one and sometimes in the other. In 
other experiments both lungs were insensitive or only responded to 
early injections of adrenaline by bronchodilatation, and adrenaline 
bronchoconstriction did not develop either with or without the addition 
of the pituitary drugs. Substantially the same results were obtained 
in experiments in which we tested the effect of pituitrin administered 
either at the beginning of perfusion or one or two hours later. 

These results served to accentuate that the number of control 
experiments carried out by Daly, Mark, and Petrovskaia was insufficient 
to take into account individual variation in the responses of lung 
preparations. They also focused interest on the more fundamental 
problem — namely, how to account for the occurrence of adrenaline 
bronchoconstriction in some lungs when it was absent from others 
tested under apparently similar conditions. The sporadic occurrence 
of the response was, in fact, its most puzzling feature, and we realised 
that further progress in the study of its causes would depend upon 
our being able to standardise the conditions of the experiments so that 
we could reproduce the response at will. It is with this aspect of the 
problem that we were mainly concerned in the subsequent experiments. 

Conditions under which Adrenaline Bronchoconstriction Occurs . — 'In 
the long series of experiments which followed we set up separated 
lung perfusion preparations, giving repeated single injections of 
adrenaline at ten-minute intervals throughout the perfusion period. 
The general course of the experiments was as follows. In most lungs, 
adrenaline produced bronchodilatation up to thirty or forty minutes 
of perfusion, then followed a period of one-half to one hour when no 
bronchomotor responses were elicited by the injections, after which in 
certain experiments adrenaline bronchoconstriction would suddenly 
supervene, while in others, as we had noted earlier, no broncho- 
constrictor responses developed. The possible significance of the 
variation in response was the more strongly impressed on us by the 
fact that it affected the experiments in groups rather than singly. Bor 
example, in an early series, significant adrenaline bronchoconstriction 
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was regularly observed to develop between 70 and 180 minutes of 
perfusion (most usually at 120 minutes); whereas in the first experi- 
ments of a later series bronchoconstrictor responses either did not 
occur or were too small to be regarded as significant; while in succeeding 
expoeriments of the same series the response again made its appearance. 

To account for such discrepancies we thought of two explanations: 
one, that we were unconsciously altering the technique in some particular 
way which, though unnoticed at the time, might profoundly affect 
the subsequent course of the experiment; or two, that there miglit 
be pare-experimental conditions, such as dietarj’’ or age differences, 
climatic changes, etc., the effect of ivhich, persisting after the death 
of the animal, influenced the responses of the perfused lungs. We 
soon found bp'' control experiments that such variations in technique 
as may have occurred from time to time were not sufficient to account 
for the variations in the experimental results. In this connexion we 
scrutinised each step in the procedure — the collection and preservation 
of the blood, the wash-through with blood and inflation of the lungs, 
and the manipulation and dissection involved in their removal— but 
we could not relate an}^ significant changes in the adrenaline responses 
of the lung to variations in these procedures. 

We also examined the possibility that differences in the temperatures 
at which the blood and lungs were kept during perfusion might specifi- 
cally influence the development of adrenaline bronchoconstriction. 
However, on investigation of a wide range of temperatures — 28-40° C. 
for the blood and 30-50° C. for the air surrounding the lungs — we 
found no evidence to support this suggestion. In three experiments 
in which the perfused blood of one lung was kept at a temperature of 
37-39° C. and that of the other at 33° C. or less, there w’ere no constant 
differences in the responses of the tw'o lungs. The only effect on the 
behaviour of the lungs w'hich could be related to temperature differences 
was that we found in these and subsequent experiments that with 
higher perfusion temperatures there often occurred a marked spon- 
taneous and progressive reduction in tidal air, from which there was a 
certain amount of recovery if the blood temperatures were reduced to 
35° C. or less. In fact, we notv make it a practice to keep the blood 
temperatures down to this level throughout the perfusion period; and, 
although this may seem abnormally low’, the result so far has been a 
definite improvement in the stability of the preparations. It should 
be mentioned that in aU lung perfusion experiments there is ahvaj’S 
some progressive reduction in the tidal air. In some cases this can be 
compensated by lightly blowdng up the lungs. It may be asked whether 
there is any relation between the occurrence of this spontaneous 
d ction in tidal air and adrenaline bronchoconstriction. There did 
t\npear to be any such relation in our experiments, since we Jiave 
iSd adrenaline bronchoconstriction in preparations %rith all degrees 
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of spontaneous tidal air reduction, although it was usual to find, as 
might he expected, that the superimposed bronchoconstriction was not 
so marked in lungs which had already a marked reduction in tidal air. 

Another line of inquiry concerned the adrenaline preparations used 
for injection. As stated earlier, two preparations (crystalline adrenaline 
and adrenaline-chloretone solution) were used for the experiments and 
were not found to differ in their action. In a number of experiments 
we observed the appearance of adrenaline bronchoconstriction with 
either preparation (fig. 6). In further control experiments Ave also 
excluded the possibility that the occurrence or non-occurrence of the 
bronchoconstrictor response depended on in vitro changes in the 
solutions prepared for injection. 

We next considered the pre-experimental period. By analysis of 
earlier results we had found that the occurrence of adrenaline broncho- 
constriction did not depend upon seasonal variations or on the sex 
or breed of the dogs used. Since our experimental animals were 
maintained under fairly constant conditions, the possibilities of other 
pre-experimental sources of variation which Ave could control Avere 
limited. In the selection of animals, hoAvever, Ave had not yet 
considered age as a factor; and AA'ith regard to the conditions of 
maintenance before the experiment could find at least tAVO Avays 
in Avhich the animals had been subjected to different treatment from 
time to time, namely, in respect to diet and the temperature of their 
immediate environment. 

As events proved, in none of these factors — age, diet, environmental 
temperature — did Ave find the source of the discrepancies in our 
experimental results. Particular attention aaus paid in GO animals to 
the question of age, because from an earher series of experiments we 
had gained the impression that the incidence of adrenaline broncho- 
constriction Avas higher in adult lungs (t.e. those taken from dogs of 
tAA'o years or more) than in those of puppies. We found later, hoAA'eAmr, 
that, the lungs taken from young dogs displayed the same range in 
respect of their sensitivity to the bronchoconstrictor action of adrenaline 
as did the lungs of older animals. With regard to the temperature at 
which the animals Avere kept prior to being used experimentally, of 
35 animals approximately one-third AA^ere kept at a temperature of 
4-7° C., one-third at 10-15° C., and one-third at 15-20° C. for several 
days. These extreme Amriations in environment had no influence on 
the appearance of adrenaline bronchoconstriction in the lungs subse- 
quently perfused. In the feeding experiments, 25 animals, some of 
which Avere on a high protein diet, others on a Ioav, and again others 
exclusiAmly on carboh3’’drates, AV'ere used for lung perfusions, but the 
time of onset, incidence, and degree of adrenaline bronchoconstriction 
Avere of the same order in all three groups. 

The hijluence of Time Interval between Adrenaline Injections on the 
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Onset of Adrenaline Bronchoconstriction . — On reconsideration of the 
whole problem we were once again struck by the fact that the strongest 
adrenaline bronchoconstrictor responses occurred after the perfusion 
had been continued longer than an hour, while in the preliminary 
period adrenaline produced first bronchodilatation then no eSeot at 
all. Now in order to follow the changing response of the lungs rve 
were injecting adrenaline every ten minutes throughout the perfusion 
period, but we had as yet little information as to how the dosage and 
the interval of time between single injections of adrenaline during the 
preliminary period of perfusion affected the later response of the lung 



FlO. 11. — Dog, $, 18-7 kg. K. and L, lungs perfused separately. N.P.V. 
Bight lung : between A and B, 3 injections of adrenaline 20, 20, and 10 /ig-; 
between C and D, 3 injections of adrenaline 50, 200, and 200 /(g. Lejt lung 
no adrenaline injections in intervals between tracings. Adrenaline broncho- 
constriction IS stronger when injected for the first time after prolonged perfusion. 


to the same stimulus; although, as shown earlier, adrenaline infusion 
rendered the lungs less sensitive to subsequent single injections. 

This question was put to the test in some further e.xperiments, in 
which we took advantage of the separated lung perfusions to compare 
the effects of varying both the dosage and the time interval elapsing 
between injections. The results presented in the accompanying table 
iTable II-) are representative of this whole group of e.vperiments and 
^ av be summarised as follows. When no adrenaline was administered 
before 120 minutes of perfusion an injection at that time always 
nroduced bronchoconstriction of a significant order (Table II , Expt A, 
P d g 11) Similarly', it was found that within certain limits the less 
nt were the adrenaline injections before 120 minutes, the greater 
ireque response at that time. Thus a single 

f n of adrenaline given during the first 40 minutes of perfusion 
^d ^t have a sufficiently lasting effect to prevent the occurrence of 
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Table II. — Efeect of Time Intektae beot’een Adrenaline Injections 
AND Bronchial Besronse. 


Expt. 

Time of 
perfusion 
(min.). 

Right kmg. 1 

Clinnge 
in T.A, 
±p.c. 

Left lung. 

Change 
in T.A. 
±p.c. 

Injection. 

No. 

Dose of 
adr. (gg.). 

Injection 

No. 

Dose of 
adr. Oig.}. 


20 

i 

10 

+ 6 





90, 100 

2+3 

10(2 X ) 

0 

. . 

. . 



110 

4 

10 

- 6 

. , 

. « 

. . 


120 

5 

50 

- 6 

1 

40 

-15 

A 

130 

6 

50 

- 9 

2 

50 

- 7 


140 

7 

50 

- 3 

. . 

, . 

. . 


150 

8 

200 

- 6 



, , 


160 

9 

200 

- 3 


, . 



170 

10 

200 

- 3 

3 

200 

-32 


20, 30 




1+2 

S{2 x) 

3 


40 

, , 

• * 


3 

10 

+ 3 


60, 60 

. , 


. . 

4 + 5 

10(2 X ) 

0 

B 


, , 


. , 

6+7+8 

20(3 X ) 

0 



. 1 

30 

- 2 

9 

40 

0 


■ 110 




10 

40 

0 


120 

2 

60 

-35 

11 

100 

- 5 


30 

1 


0 

1 

10 

0 


90 

2 

10 

0 

2 

10 

- 2 

C 

120 

3 

60 

- 7 

3 

60 

- 4 


180 

4 

200 

-21 

4 

200 

-10 


240 

5 

200 

-17 


200 

-11 

D 

30 

1 

20 

0 

1 

20 

0 


120 

3 

50 

-35 

2 

60 

-30 

B 

30 

1 

50 

+ 7 

1 

20 

+ 1 


120 

2 

50 

-21 

2 

50 

-36 

B 

30 

1 

50 

0 

1 

10 

+ 2 


120 

2 

50 

-47 

2 

10 

-45 

G 

30 

1 

500 

0 

1 

50 

0 


120 

2 

500 

-78 

2 

50 

-87 

H 

30 

1 

20 

+ 9 

1 

20 

+ 8 


120 

2 

50 

-50 

2 

60 

-60 


T.A. =tidal air; adr. =adrenalme. 


moderate adrenaline bronchoeonstriction even when the doses were 
of the order of 500 fig. (see Experiments D to H). Similarly, if the 
tests were repeated too frequently after 120 minutes the successive 
bronchoconstriotor responses usually showed a rapid decline, while 
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with a longer interval betAveen doses (30-60 minutes) good responses 
might continue to occur for some hours (Experiments A and C). Of 
particular interest Avas the finding that if, after a first injection of 
adrenaline large enough to give an initial blood concentration of 
2 pg./c.c., an interval of 90 minutes was allowed to elapse, a second 
injection gave Av^ell-marked bronchoconstriction (Table II., G, H). 


This effectively disposed of the possibility which Ave had in mind 
earlier that a, large quantity of adrenaline in the blood prior to death 
of the animal prevented the appearance of adrenaline broncho- 
constriction. At this stage of the investigation Ave Avere able to 
conclude that in freshly perfused lungs adrenaline causes broncho- 
dilatation, AA'hereas in lungs perfused for 60-120 minutes a first dose 
of adrenaline produces bronchoconstriction ; further, that this reversal 
of adrenaline action fails to appear, or is only moderate, if repeated 
single injections of adrenaline are given, or if adrenaline is infused 
into the blood during the earlier periods of perfusion. It also became 
clear that the interAml between injections, rather than the total amount 
of adrenaline injection, aa^s responsible for the weakness or failure of 
the appearance of adrenahne bronchoconstriction (Table 11.). Along 
Avith the differences in sensitivity betAA'een one lung preparation and 
another, it seemed that ail our earlier experimental results and those 
of Baly, Mark, and Petrovskaia could thus be accounted for. Other 
experiments have confirmed the results in Table II.; in effect the 
condition had been discovered by which adrenaline bronchoconstriction 
could be produced at Avill — ^namely, prolonged perfusion AAuthout the 
early addition of adrenaline to the blood. 

Conditions Governing the Persistence of Adrenaline Broncho- 
constriction. — These Avere examined in a number of separated lung 
perfusions in AA'hich no adrenaline or only a single dose had been given 
during the first 120 minutes of perfusion, the first injection after 
120 min utes causing a Avell-marked bronchoconstriction. It was 


found that this response could be best maintained, but not always, by 
successively increasing the size of the dose (fig. 11, ioAver tracing). If 
it were not so increased, the bronchoconstrictor response graduall}’' 
died away or bronchodilatation occurred. Occasionally Avhen broncho- 
dilatation had so supervened, a larger dose of adrenaline Avould cause 
bronchoconstriction once more. The interest of this latter obserAmtion 
is that the condition of the muscle aa^s such that small doses of 
adrenaline caused dilatation and large doses constriction. 

These results differed somewhat from those of our earlier experi- 
ments in which repeated single injections of equal strength Avere giA^en 
at ten-minute intervals throughout the experiment. Weak or moderate 
f onchoconstrictor responses occurred after 60-120 minutes of perfusion, 
h' initially small but reaching a constant Amlue after 2-6 doses 
fi^ “g g) Thereafter the responses to adrenaline shoAA^ed Amriations 
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from one preparation to another; in some the hronchoconstrictor 
response persisted, in others it died away or gave place to a slight 
bronchodilatation. We interpret these experiments as denoting that 
one of the conditions governing the persistence of adrenaline broncho - 
constriction, once it has become manifest, is the concentration of 
adi’enaline in the blood which existed prior to the appearance of 
adrenaline bronohoconstriction. 

The Effect of Ergotoxine. — Brgotoxine in doses of l<0-4'0 mg. either 
suppressed the hronchoconstrictor response to adrenaline or converted 
it to a bronchodilator response (figs. 3, 12, 13); this confirms earlier 
work by Daly, Mark, and Petrovskaia [1937]. We also confirmed that 
ergotoxine suppressed or reversed adrenaline pulmonary vasoconstric- 
tion [Daly and Euler, 1932]. These results seem to us to have a special 
significance in that they can be regarded as evidence that the conditions 
obtaining in the bronchial muscle when adrenaline constricts it are 
closely related to those in the smooth muscle of the vascular bed 
which normally contracts to adrenaline. The acceptance of this view 
might lead to a dismissal of the possibility that adrenaline in causing 
bronohoconstriction was stimulating cholinergic nerve endings, but 
this would be dangerous in view of the fact that ergotoxine may 
suppress or reverse the pulmonary vasoconstriction and broncho- 
constriction produced by acetylcholine [Hebb, 1939, 1940; Petrovskaia, 
1939 o; Poggie, 1940]. We therefore repeated our tests in atropinised 
preparations. It was found that bronohoconstriction still occurred 
in these, and this rules out the possibility that stimulation of cholinergic 
fibres by adrenaline caused the bronohoconstriction (fig. 12). There 
still remained one other control- — ^namely, adrenaline tests in nicotinised 
preparations — ^in order to eliminate any stimulating action which 
adrenaline might have upon the intrapulmonary nerve ganglia. This 
appeared unlikely, but it was thought that prolonged perfusion might 
make the ganglia sensitive to adrenaline. In the nicotinised prepara- 
tions, however, adrenaline still caused bronchoconstriction (fig. 12). 

The Association of Adrenaline Bronchocomtriction with a Changing 
Vascular Response to Adrenaline. — In the course of adrenaline tests on 
isolated perfused lungs we had been struck with the fact that in some 
preparations the vascular bed exhibited an increasing sensitivity to 
adrenaline as measured by the pulmonary arterial pressure rise. On 
further examination of this phenomenon, the experiments fell into two 
main groups, the first in rvhich the onset of adrenaline broncho- 
constriction was coincident with an increased vascular response to 
adrenaline (figs. 6, 6), the second in which no such coincidence could 
be established; indeed, it was sometimes found that adrenaline 
bronchoconstriction appeared without the development of any increased 
vascular sensitivity to adrenaline (fig. 3). When present, the changing 
vascular response was greater the smaller the amount of adrenaline 
VOL. XXXI., NO. 2-1941, 11 
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injected during the earlier stages of perfusion. In general the maximal 
potentiation appeared 120 minutes after start of perfusion, or later 
and usuaUy amounted to a 100 p.c. increase in pulmonary arterial 
pressure; in one experiment the increase was 500 p.c. 

In the &st poup of experiments we had to consider whether the 
apparent potentiation of the vascular response was due to the mechanical 
effects exerted by coincident bronchoconstriction, for under certain 
conditions bronchoconstriction causes a passive rise in pulmonary 



’“"SS perfused separately. N.P.V. 
Bight lung . be^een A and B, nicotme 6 mg. ; between C and D, atropine 2-5 rag.; 
between E and ^ atropine 2-o rag. ; between I and J, ergotoxine 1-5 ml Leftlulg ■ 

® F%tropme 2-5 rag.; betweL 

I and J, ergotoxine ..-5 mg. Horizontal arrows indicate interra! injections. 


arterial pressure in lungs subjected to negative pressure ventilation 
(unpublished results). The rise in pressure due to this factor is, 
however, very slight and could onlj>’ account for a small fraction of 
the large observed rise. Further evidence against the adrenaline 
bronchoconstriction and potentiated vascular response being mutually 
dependent was afforded by a few experiments in which the intensity 
of either the bronchoconstrictor or the vasoconstrictor response to 
adrenaline increased while the other diminished. It seemed, therefore, 
that, while not necessarily interdependent, the two phenomena u'ere 
related in the sense that they might be regarded as separate manifesta- 
tions of a more fundamental condition obtaining in the perfused lung 
preparations. Thus both developed to significant proportions at the 
same stage of perfusion; both were obscured by too frequent injections 
of adrenaline; and both were suppressed when the lungs were treated 
with ergotoxine (0-5 to TO mg.). 



Adi-enaline Bronchooonstriction in Blood Perfused Lungs 149 


The Effect of Added KCl on Adrenaline Bronchoconstriction . — In 
our search for conditions governing the appearance of adrenaline 
bronchoconstriction we called to mind some earlier experiments in 
which we found that the addition of large amounts of potassium to 
the perfusing blood (sufficient to increase the serum potassium to four 
times its normal level) at the outset of the experiment was associated 
with the occurrence of a diphasic response to adrenaline, broncho- 
dilatation followed b3’' marked constriction. In these experiments 
single doses of adrenaline (2-60 fig.) were injected at ten-minute 
intervals into both lungs of four separated lung perfusion preparations 
made from animals bled under novocaine, after KCl had been infused 
into one or both lung circulations at the rate of 24-0, 27-0, 13-5, and 
27-7 mg./min. for 12, 13, 06, and 25 minutes respectively. The other 
lung, if not infused with KCl, was used as a control or for testing the 
efiect on the adrenaline response of the presence of other substances. 
There was approximately 500 c.c. of blood in each venous reservoir 
and 30 c.c. in each lung, so that, neglecting any K retention by the 
lung tissues, the final concentration of added KCl in the blood of each 
lung circulation wms approximatelj’’ 54, 66, 168, and 131 mg./lOO c.c. 
or 29, 35, 88, and 70 mg./lOO c.c. blood respectively. Dr. A. Brown, 
working in this laborator}^ has estimated the K content of dog’s serum 
(from defibrinated blood). In four experiments he obtained values 
of 25-8-28-5 mg./lOO c.c. The final concentration of serum K in our 
experiments would therefore be from 2-8 to 6-5 times normal if no 
potassium entered the erj’^throcytes.’'^ 

In all experiments the infusion of KCl caused a progressive diminu- 
tion in tidal air. It was found that the addition of K to produce 
2-8-3 •! times the normal concentration in the serum renders the 
bronchial muscle more responsive to adrenaline as regards both contrac- 
tion and relaxation (fig. 13), whereas a concentration of serum K 
higher than this value renders the muscle less sensitive to adrenaline. 

Further points of interest in these experiments require mention. 
Adrenaline bronchoconstriction and its reversal by ergotoxine to a 
normal response occurred in preparations to which cyanide (600 fig. 
NaCN/100 c.c. circulating blood) had been added. Also of interest 
is the fact that adrenaline bronchodilatation in the KCl infused lung 
preceded the bronchoconstriction at a time when pure adrenaline 
bronchoconstriction occurred in the other lung, indicating that potassium 
also favours the dilator action of adrenaline (fig. 13, d). That this 
action is not dependent upon the contracted state of the bronchi has 
been shomi by the persistence of the effect after the bronchial muscles 
have been stretched by blowing up the lungs. Again the very early 
adrenaline bronchoconstriction following a preliminary dilatation in 
the KCl perfused lung shows that excess of potassium in the blood also 
^ For these calculations the serum is taken as 60 p.c. of the whole blood. 
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enhances the adrenaline bronchoconstrictor effect. In another experi- 
ment in which adrenaline (20 fig.) had ceased to have any effect on the 
bronchi, the infusion of KCl led to an adrenaline bronchodilatation 
followed by constriction: we have also seen after 140 minutes’ perfusion 
a potentiation of adrenaline bronchodilatation by KCl infusion. 

These experiments suggested to us that the reversal of adrenaline 
action on the bronchial smooth muscle might have been associated 



Fig. 13. — Dog, (J, 33-0 kg. E. and L. lungs perfused separately. N.P.V. 
Bight lung : between 12.68 and 1.10 p.m., KCl 24 mg./min. infused into the 
circulation. Left lung • between 6 and c, NaCN 150 ftg flOO c.c. circulatmg 
blood added to venous reseivoir; between e and /, NaCN 300 «g./100 c.c. 

blood added. 

Both lungs were lightly inflated between d and e, and ergotoxme 2'5 mg. was 
injected into each lung between e and /. 


■with the liberation of extra potassium in the circulating blood, and this 
possibly because of associated destruction of red blood cells or possibly 
damage to the lung itself. We have no direct evidence that such is 
the case, although on making hcematocrit tests from time to time 
during the course of some experiments (6 expts.) we found that in 
these there was always extensive hsemolysis by the end of the first 
hour and a half of perfusion, if not earlier. Incidentally we found 
fh t hsemolysis of the blood during its collection from the opened 
ral artery is much less if it is not defibrinated but added to heparin 
per 100 c.c. blood) ; but even heparinised blood was hsemolysed 
(1 mg. during perfusion. In this connexion it was observed 

to Pale-Schuster pump caused somewhat less hsemolj-sis than 
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did the Bayliss-Miiller roller pump. The adrenaline bronchoconstrictor 
response, it should be added, was demonstrated both with heparinised 
and defibrinated blood as the perfusate, and in both cases it occurred 
at the end of the second hour of perfusion. 

Ejfect of Pituitrin, Pifocin, and Pitressin {Parke, Davis and Co.) on 
the Lungs . — ^In the course of our experiments the effects of injecting 
posterior pituitary lobe extracts were measured. The results of 41, 
26, and 32 injections of pituitrin, pitocin, and pitressin (Parke, Davis 
& Co.) respectively are shown in Table III. With all three drugs 


Table III. — Effect of Pituitmn, Pitocin, and Pitbessin on Isolated 
Pbbfused Lungs of the Dog. 



Dose 

I.U. 


T.A. 

V.O. 

No. of 
obs. 

Pituitrin 

6 

-sl. 


+ 

2 


10 

-sL 

0 

0 

1 


10 

-sl. 

_ 

n.t. 

1 


3-10 


- 

+ 

33 


10 

+ 


n.t. 

3 


10 

0 

- 

+ 

1 

Pitocin 

O.U. 

10 

-sl. 


■1 

1 


3 

0 

W 


1 


5-10 

0 

W 


2 


6-10 

+ 

- 


8 


6 

+ 

- 


3' 


6-20 

+ 

0 

+ 

9 


3 


- 

0 

1 


10 

0 

0 

+ 

1 

Pitressin. 

P.U. 

5 

-sl. 


n.t. 

1 


5 

-si. 

+ 

- 

1 


5 

+ 


n.t. 

1 


10 


0 

+ 

1 


5 

+ J — 

- 

n.t. 

1 


5-20 

+ 

— 

4- 

27 


P. A . p. = pulmonary arterial pressure; T. A. = tidal air; V.O. = venous outflow; 
I.X7. = international units; O.U. =oxytocic units; P.U. = pressor units; n.t. =not 
taken. 

the most usual effect was an increase of P.A.p. and venous outflow 
and a bronchoconstriction. It was noticed, however, that on the rare 
occasions in which a slight decrease of P.A.p. occurred it was always 
following the first injection of the drug — subsequent injections producing 
an increase of P.A.p. This phenomenon recalls the observations which 
have been made in this laboratory [Daly, 1938; Petrovskaia, 1939 6; 
Daly, Poggie, and Hebb, 1940] concerning the somewhat rare adrenaline 
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enhances the adrenaline bronchoconstrictor effect. In another experi- 
ment in which adrenaline (20 /rg.) had ceased to have any effect on the 
bronchi, the infusion of KCl led to an adrenaline bronchodilatation 
followed by constriction: we have also seen after 140 minutes’ perfusion 
a potentiation of adrenaline bronchodilatation by KCl i n f usion. 

These experiments suggested to us that the reversal of adi'enaline 
action on the bronchial smooth muscle might have been associated 



Fig. 13. — <?> 33-0 kg. R. and L. lungs perfused separately. N.P.V. 
Bight lung: between 12.58 and 1.10 p.m., KCl 24 mg./mm. infused into the 
circulation. Left lung : between 6 and c, NaCN 150 pg./lOO c.c. circulating 
Hood added to venous reservoir; between e and /, NaCN 300 ug./lOO c.c. 

blood added. 

Both lungs were lightly inflated between d and e, and ergotoxme 2-5 mg. was 
injected into each lung between e and /. 


with the liberation of extra potassium in the circulating blood, and this 
possibly because of associated destruction of red blood cells or possibly 
damage to the lung itself. We have no direct evidence that such is 
the case, although on making htematocrit tests from time to time 
during the course of some experiments (6 expts.) we found that in 
these there was always extensive hremolysis by the end of the first 
hour and a half of perfusion, if not earlier. Incidentally we found 
4 . 1 , + hipmolvsis of the blood during its collection from the opened 


femoral artery is 


much less if it is not defibrinated but added to heparin 


per 100 c.c. blood); but even heparinised blood was hmmolysed 
extent during perfusion. In this connexion it was obsenmd 
to soine pump caused somewhat less bBzaolysm than 

ill® 
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blood perfusing tbe lungs prevents the appearance of adrenaline 
bronchoconstriction, it is not improbable that the presence of adrenolytic 
substances in the blood and the adrenaline content of the blood prior 
to and during bleeding influence the ultimate responses of the perfused 
lungs by determining the “adrenaline background” of the bronchial 
smooth muscle. It has already been mentioned that an increased 
vasoconstrictor response to single injections of adrenaline is most 
easily demonstrated in preparations receiving only small amounts of 
adrenaline during the earlier stages of perfusion. This result, taken 
in conjunction with our observations on the conditions governing the 
appearance of adrenaline bronchoconstriction, suggests that the absence 
of an adrenaline “background” increases the propensity of the smooth 
muscle of the lungs as a whole to respond by contraction to single 
injections of adrenaline — whether the more usual response to the latter 
is relaxation or contraction. Thus a condition of the bronchial and 
vascular musculature arises in Avhich their responses to a sudden 
presentation of adrenaline tends to deplete the lungs of blood and air." 
No two co-existing. responses of the lungs more disadvantageous to 
oxygenation of the blood can be imagined. 

Without further information it would be idle to speculate in any 
detail on the significance of our results in respect of adrenaline action 
on smooth muscle in general. We have, however, a clear demonstration 
that certain artificial conditions reverse the normal action of adrenaline 
on a smooth-muscle type which has usually been recognised as remark- 
ably constant in its response to adrenaline. Whether the mechanisms 
responsible for this change are determined by abnormal enzyme 
activity, the failure of normal persisting nervous influences, or the 
absence of normal humoral conditions in the blood, must be left to 
future experimentation. It may be that none of these will eventually 
prove to be the significant factor, yet there is one outlook which appeals 
to us in directing attention to the lines on which future investigation 
should be conducted. We refer to the implication of our results from 
the clinical point of view. 

The interesting action of adrenaline in causing bronchoconstriction 
under specified conditions appears to us of sufficient importance to 
warrant speculation as to the occurrence of an analogous effect in the 
human body. We have in mind the part which adrenaline may play 
in promoting or cutting short attacks of paroxysmal dyspnoea due to 
bronchospasm in human subjects with a neuropathic and, according 
to some authorities, of necessity an allergic diathesis. It has always 
appeared remarkable to us that an emotional stimulus which would be 
expected to be accompanied by an increased secretion of adrenaline 
should in some cases of asthma promote and in others stop (just as 
adrenaline injections do) an attack of paroxysmal dyspnoea. This 
curious paradox, well recognised in clinical practice, has been responsible 
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fall of P.A.p, in freshly perfused lungs of the dog, monkey, and pig 
(although more common in the pig), and the adrenaline rise of pressure 
which takes place as a result of later injections. We have also found 
that the rise of P.A.p. due to injections of pitressin may become larger 
vdth each successive injection of the drug, 

Disctrssioif, 

Our results demonstrate that when isolated lungs are perfused 
with blood for prolonged periods the bronchomotor and vasomotor 
responses to adrenaline show vide variations from one animal prepara- 
tion to another, whereas the responses of freshly perfused lungs e.vhibit 
a remarkable constanc 5 ^ It has also been shown that the adrenaline 
responses of each lung (taken from the same animal) when separate!)" 
perfused and ventilated are comparable vith one another in the vast 
majority of experiments, even in prolonged perfusions, although on 
rare occasions marked differences, both quantitative and qualitative, 
have been observed. It follows that a perfused lung preparation taken 
from one animal cannot be safely used as a control against one taken 
from another animcal except during the early stages of perfusion, and 
the method of choice for obtaining control and test preparations is to 
perfuse the right and left lung separately. In the experiments of Daly, 
Mark, and Petrovskaia, in which the appearance of adrenaline broncho- 
constriction after prolonged perfusion was attributed to the presence 
of added posterior lobe extracts, the control experiments consisted of 
prolonged perfusion of lungs taken from other animals, and here 
adrenaline bronchoconstriction did not appear. They were unaware 
that adrenaline bronchoconstriction occurs spontaneously in some 
preparations during prolonged perfusion but not in others, and the 
fact that it appeared in the preparations to which the extracts were 
added and not in the others appeai-s to have been entirely fortuitous. 

The conditions which favour the appearance of adrenaline bronclio- 
constriction are prolonged perfusion and the absence of adrenaline 
additions to the blood during the first 60-120 minutes of perfusion; 
nevertheless the magnitude of the abnormal response varies greatly 
in different lung preparations. This, in theor)", might have been due 
to the previous historj" of the animal, the condition of the blood 
nerfusate, and the skill vuth which the preparation was set up. 
Deliberate alterations in the last two factors, ho%vever, did not appear 
to have a great influence either on the incidence or magnitude of 
adrenaline bronchoconstriction. This result suggests that the condition 
f the animal prior to being bled under local aneesthesia or its physio- 
lodcal reactions during the process of bleeding, which may also deter- 
mine the ph 5 "siological properties of the shed blood, in part govern 
“ responses of the isolated lungs. Since adrenaline added to the 
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Begarding the role of the adrenal glands, this hypothesis carries with 
it the assumption that partially exhausted glands are still capable of 
secretion in response to a strong emotional stimulus, or that the extra 
adrenaline secreted during emotion escapes destruction in the blood 
in an amount sufficient to reach the lungs and act upon the bronchi. 
In this connexion we wish to point out that the opinion has often been 
expressed that attacks of asthma are associated with periods during 
which signs of adrenal exhaustion are in evidence. 

With regard to the general experience that injections of adrenaline 
or emotion may cut short an attack of asthma, some of our observations 
on perfused lungs may throw light on the phenomenon. It will be 
remembered that in some of our experiments repeated single injections 
of adrenaline of the same order or smaller than those causing broncho- 
constriction, when given subsequent to the appearance of adrenaline 
bronchoconstriction, tend to be without effect or to cause some relaxa- 
tion of the bronchial muscle. This phenomenon may also have its 
counterpart in the effect of slowly absorbed subcutaneous injections of 
adrenaline, or of a second emotional release of adrenaline, in human 
subjects in relieving a bronchospasm which has been initially brought 
on by a sudden outpouring of adrenaline from the adrenal glands (or 
adrenergic fibres to the bronchi) acting upon an already adrenaline- 
starved bronchial muscle. However this may be, these views serve to 
stress that the main value we place upon our results rests upon the 
recognition that adrenaline may under certain conditions constrict or 
dilate the bronchi according to the dose, and depending upon the 
concentration of adrenaline to which the bronchi have been previously 
submitted. If our speculations have any foundation in fact, we are 
able to visualise in a subject with an asthmatic diathesis accompanied 

hypoadrenalinssmia, an asthmatic attack brought on by an emotional 
release of adrenaline from the adrenal glands or bronchial muscle 
adrenergic fibres, and subsequently relieved by a second emotional 
release of adrenaline. 

The fact that adrenaline injections, however large the dose, readily 
dilate bronchi which have been previously constricted by drugs such 
as histamine or pilocarpine, emphasises that the conditions under which 
adrenaline is acting in these circumstances are entirely different from 
those in our experiments, and heighten rather than lessen the stress 
which we wish to lay upon the condition of the muscle in determining 
its response to adrenaHne. 

We recognise that the parallel between the results of onr experiments 
on the one hand and certain clinical observations on the other may be 
entirely fortuitous, the more so because we have selected certain 
clinical observations and attempted to interpret them in the light of 
our own work. It is also true that other phenomena associated with 
asthmatic attacks have been given no place in this comparison, which, 
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in no small measure for our continued interest in tlie action of adrenaline 
on the lungs. This interest has been increased by the fact that atropine, 
even in large doses, rarety results in the termination of an attack of 
asthma. Taking all the evidence together, it seemed reasonable in such 
cases to implicate the sympathetic rather than the parasympathetic 
nervous system, and to speculate whether adrenaline, released from the 
suprarenal glands, or at the termination of adrenergic fibres supplying 
the bronchial muscle, might, when promoting or alleviating an attack 
of asthma, be acting under entirely different local conditions. This 
suggestion is in no way intended to minimise the importance of the 
evidence that in some eases of bronchospasm the underlying mechanism 
involves stimulation of vagal bronchoconstrictor fibres; rather is it 
put forward as an alternative mechanism by which bronchospasm may 
develop. Since the classical researches of Longet [1842], MacGillavry 
[1877], Einthoven [1892], Brodie and Dixon [1903], and Dixon and 
Hanson [1912] demonstrating that bronchoconstriction may be 
produced by electrical direct or reflex stimulation of the vagus, specula- 
tions as to the cause of asthmatic attacks have largely centred around 
vagal mechanisms rendered unduly sensitive by a hormonal imbalance, 
a neuropathic or allergic diathesis, and other factors which are too 
numerous to mention here. CUnical observations, however, and the 
failure of atropine to alleviate many cases of bronchospasm, do not 
always support the interpretation that the parasympathetic nervous 
system is primarily involved in asthmatic attacks of nervous origin. 
In this connexion one point of importance may be interposed. The 
failure of atropine to alleviate bronchospasm in certain cases may 
not be unequivocal evidence that activity of the cholinergic broncho- 
constrictor fibres is not responsible for the bronchospasm. It may he 
that insensitivity of the bronchial muscles to atropine is inherent in 
an asthma diathesis. Now, we have clearlj'- demonstrated in a large 
number of experiments that single injections of adrenaline cause 
hronchodilatation in freshly perfused lungs, but bronchoconstriction 
after two hours of perfusion. Further, the early addition of adrenaline 
to the perfusate, either in the form of repeated injections or as an 
infusion, prevents the onset or diminishes the magnitude of adrenaline 
bronchoconstriction. To these experiments we give the tentative inter- 
■ nretation that lack of adrenaline in the blood is in part responsible 
for the bronchoconstriction which occurs as the result of single 
injections of adrenaline. We suggest that this phenomenon may have 
its counterpart in the human body' in that adrenaline suddenly released 
h r exercise or by an emotional stimulus — either from the suprarenal 
elands or at the termination of adrenergic fibres supplying the bronchial 
“ le—wfll cause bronchoconstriction in subjects suffering from 
Smoadrenalinmmia due to adrenal gland hyposecretion or to an 
^toormally hi^h rate of destruction of adrenaline in the blood. 
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Appendix. 

Sleiliod of Graphic Representation used in Figures. 

In our series of experiments the changes in tidal air occurring 
over a perfusion period of several hours have been of two kinds; the 
first an immediate change due to the injection of a drug, and the second 
a gradual change due to a variety of factors, such as the “goodness” 
of the preparation, the steady infusion of drugs, the nature and dosage 
of single injections of drugs, as well as the interval of time between 
single injections. The necessity for some method to enable a rapid 
comparison to be made of the effects on the tidal air of a drug injected 
several times during a prolonged perfusion, with a changing back- 
ground, became eArident at the outset of the investigation. The 
necessity became more imgent when it was desired to compare the 
results obtained from an increasing number of experiments. After 
trying several methods of plotting the tidal air changes, the graphic 
representation described below was devised in conjunction uuth 
Dr. A. Brown and found to be the most suitable. 



The method is best described by illustrating the graphic repre- 
sentation of the tidal air responses to the injection of two drugs. In 
the figure, A represents a portion of the tidal air tracing on the 
kymograph paper, in which 2-0 p.g. of adrenaline or of acetyl- 
choline are ineffective, but 10-0 pg. of adrenaline and 20-0 pg. of 
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although weakening our thesis, may prove helpful in planning future 
investigations. Further, it is not to be supposed that an asthmatic 
attack follows an emotional stimulus in every individual suffering from 
hj'poadrenalinmmia. The unlcnown diathesis factor must presumably . 
be present and, on our hy^pothesis, so render the bronchial muscle 
abnormally responsive to a sudden rise in adrenahne concentration in 
the blood. This condition is simulated in the perfused lung. 


Summary. 


1. A method is described for the separate blood perfusion of each 
lung under negative pressure ventilation, whereby one lung can be 
used as a control, the other as a test-object. 

2. In isolated lungs perfused with defibrinated or heparinised' 
blood, the bronchial response to injections of adrenaline (2-10 fig.) 
repeated at ten-minute intervals over a period of three hours varies 
according to the duration of perfusion. The first injection in freshly 
perfused Jungs causes bronchodilatation. Injections during the suc- 
ceeding 40-90 minutes produce a progressively weaker bronchodilatation, 
or are without effect. Subsequent to this period adrenaline injections 
cause a moderate bronchoconstriction. 

3. The bronchoconstrictor response fails to appear if during the 
earlier period of perfusion adrenaline is steadily infused into the 
circulation in quantities greater than 5 ^g./min. or if too frequent 
and large single doses of adrenaline are given. 

4. In lungs perfused for two hours udthout adrenaline being added 
to the blood, the first injection of adrenaline thereafter generally^ causes 
a powerful bronchoconstriction. The adrenaline bronchoconstrictor 
response appears in nicotinised and atropinised lung preparations, but 
is suppressed or reversed by ergotoxine. 

5. Once the adrenaline bronchoconstrictor response has appeared, 
its subsequent appearance to single doses of adrenaline depends upon 
the dose administered and the preAUOus “adrenaline history” of the 
preparation. 

6. In some perfused preparations the pulmonary arterial pressure 
rise to adrenaline is markedly increased after 120 minutes of perfusion 
as compared with the effect of adrenaline on the freshly perfused 


preparation. , . , 

7 Ko evidence has been obtained that the addition of posterior 

pituitary extracts affects the occurrence of adrenaline broncho- 

constrm^o significance of the results enumerated above is 

A' sed in relation to potential mechanisms governing the onset and 
aUeStion of certain types of asthmatic attacks. 
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acetylcholine produce bronchodilatation and bronchoconstriction re- 
spectively. If these T.A. changes were merely plotted as percentile 
changes of the initial tidal air value the graph shovn at B would be 
obtained. We found that such a graph depicting some 20 injections 
of drugs, some of which produced only weak immediate tidal air changes, 
did not enable, at a glance, a differentiation to be made between these 
immediate effects and the gradual changes in tidal air due to other 
causes. 

The description of the new method by which the graphic repre- 
sentation C is derived from the tidal air changes shorm at A will be 
more easily understood if at first no attention is paid to the lines joining 
the various points. At arrows 1 and 2 in A the initial value of the 
T.A. remains unchanged and is taken as 100 p.c.; the corresponding 
points on graph C are surrounded by a circle to indicate that they do 
not represent T.A. values immediately either before an injection or 
after the maximum response of the bronchi. They will be referred 
to as interval points. At arrow 3, 2-0 pg. of adrenaline caused no 
change in the T.A. and therefore the corresponding point on graph C 
falls on the 100 p.c. line. At arrow 4, 10-0 ftg. of adrenaline increased 
the T.A. to 200 p.c. of its initial value. A point is placed on the 100 p.c. 
line to correspond with the T.A. value immediately before injection, 
and a second point on the 200 p.c. line, on the same ordinate, to indicate 
the maximum response. Thus the vertical distance between the two 
points on the injection ordinate is proportional to the degree of T.A. 
response. At arrow 6, 2-0 pg. of acetylcholine was ineffective, and 
therefore the corresponding point on graph C again lies on the 200 p.c. 
line. At 7, 20-0 pg. of acetylcholine reduced the T.A. to 150 p.c. of 
its initial value, and therefore two points are placed on the injection 
time ordinate, one at the 200 p.c. level and the other at the 150 p.c. 
level. Finally, an interval point is represented at 9. 

The next step involves joining up both points which lie on the same 
ordinate to the adjacent points, which may be either an interval point 
or one denoting an effective or an ineffective injection. When this 
has been done a series of areas are obtained on the graph ; those areas 
resulting from bronchodilatation are left unshaded, those resulting 
from bronchoconstriction are filled in black. This procedure has the 
effect of putting forward the response by the distance between two 
points of measurement, but this discrepancy is of little account provided 
it is realised that the injection ordinate illustrates the nature and 
magnitude of the response. 

When a complex T.A. response occurs, such as bronchodilatation 
succeeded by bronchoconstriction, the two parts of the response are 
treated separately. If the maxima of the double response were both 
laced on the injection ordinate there would be no indication of the 
^ ture of the response. To overcome this difficulty the second 
imum is not plotted on the injection ordinate, but is plotted a 
later in time, so that, when the various points are joined up, two 

areas indicate the T.A. change. i, j i, • , 

The P.A.p. kymograph record is graphed by a similar method. 
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iNTBOnnCTION. 

Adeenalinb produces a transient action and it is generally assumed 
that the drug is inactivated in the body by some enzyme. Adrenaline 
in vitro is oxidised by various inorganic catalysts and by a variety 
of oxidases; in particular by catechol oxidase, by the cytochrome- 
cytochrome-oxidase system, and by the amine oxidase. Richter [1940] 
concluded that the chief method of inactivation in the human body 
was by conjugation with sulphates. 

The amine oxidase shows certain suggestive peculiarities as regards 
its susceptibility to enzyme poisons. It is cyanide resistant, is inhibited 
easily by narcotics, is not inhibited by anti-oxidising agents such as 
ascorbic acid but is inhibited by ephedrine and cocaine. 

The phenol oxidase is inhibited by cyanide and ascorbic acid, but 
is not inhibited by ephedrine and cocaine. The majority of these 
properties agree with the hypothesis that adrenaline is inactivated in 
the body by the amine oxidase. 

Against this hypothesis there are two major objections; firstly, 
that the rate of action of amine oxidase on adrenaline in vitro is far 
slower than the rate of inactivation of adrenaline in the body, and 
secondly, that no amine oxidase can be demonstrated in certain tissues, 
such as the rabbit’s ear, which are thought to inactivate adrenaline 
[Gaddum and Kwiatkowski, 1938, and Richter, 1940]. 

The liver is the chief tissue which contains considerable quantities 
of amine oxidase and hepatectomy does not alter the rate of inactivation 
of adrenaline in dogs [Markowitz and Mann, 1929]. 

Similar objections can be raised against the hypothesis that catechol 
oxidase inactivates adrenaline. Some plants contain large amounts of 
this enzyme, but the activity of mammalian tissues in this respect is 
very much less than plant tissues [Duchateau-Bosson and Florkin, 
1939]. Recent accounts of this controversial subject are given by 
Philpot [1940] and Blaschko and Schlossmann [1940]. Clark and 
Raventos [1939 6] showed that the isolated auricle of the frog inactivated 
adrenaline and that this effect was inhibited by ascorbic acid. This 
would agree vsdth the hypothesis that the inactivation was due to 
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is not inhibited by ephedrine and cocaine. The majority of these 
properties agree with the hypothesis that adrenaline is inactivated in 
the body by the amine oxidase. 

Against this hypothesis there are two major objections: firstly, 
that the rate of action of amine oxidase on adrenaline in vitro is far 
slower than the rate of inactivation of adrenaline in the body, and 
secondly, that no amine oxidase can be demonstrated in certain tissues, 
such as the rabbit’s ear, which are thought to inactivate adrenaline 
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would agree with the hypothesis that the inactivation was due to 
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cytoclirome-oxidase -which is kno-wn to be present in all tissues. De Meio 
and Luduena [1940] found, on the other hand, that the dog’s retractor 
penis inactivated adrenaline slowly (10-60 per cent, in 2-5 hours) 
and that this action was not inhibited by cyanide (1-2 times 10-® 
molar), a concentration which would certainly inhibit cytochrome- 
oxidase. 

Clark and Raventos [1939 6] estimated the rate of inactivation of 
adrenaline in the cat by measurements of the dosage-duration curve. 
They found that half-clearance occurred in about 20 sec. when the 
dosage was below 3 /xg./kg., but that with larger doses the rate of 
clearance was much slower; the results suggested enzyme saturation 
■with a constant removal of 0-1 to 0-2 /ig./sec. 

The experiments described in this paper were undertaken in order 
to determine by means of continuous intravenous infusion the nature 
of the mode of clearance of large doses of adrenaline. 

The general principles of the tests made are as follows: When an 
enzyme acts on a substrate that is not present in large excess the 
destruction usually follows a unimolecular course and a constant 
fraction of the amount present is broken dnwn per minute (C,=Coe"’'. 
C< = concentration at time t, Oq= original concentration, a = clearance 
constant). In such a case continuous infusion of a drug will result in 
a rise in the concentration of the drug present until the fraction broken 
down per minute equals the amount introduced per minute, and after 
this equilibrium occurs. The course of cumulation follows the formula 

C. = -(l-e-“'), 

a 

where 6=rate of introduction. When t is large e"°' becomes very 
small and the formula becomes 



a 


If for example, a = 1/20 per min., then equilibrium -will occur when the 
amount cumulated equals 20 times the amount introduced per minute. 

If a clearance process such as has been described occurs, then a 
series of different rates of introduction vdll result in plateaus of cumula- 
tion at a series of different levels. 

If on the other hand, a constant quantity is removed per minute, 
then "a plateau -wiU only be attained when the amount introduced 
minute equals the amount cleared, and any increase in the rate of 
introduction will result in steady cumulation of effect. 

Methods. 


The experiments were performed on cats either with the brain and 
'nal cord destroyed or narcotised -with chloralose and ether. The 
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left nictitating membrane was used in all experiments. The vagi were 
cut, the left superior cervical ganglion removed, and the suprarenal 
glands were either removed or ligated. 

t 

Dosage-Duration Relations. 

In the case of a drug cleared by enzyme action the clearance should 
follow the formula C/=Coe"°'. The durations of action with different 



Fig. 1. — Dosage-duration relation of responses of cat to adrenaline injections 
(averages from 20 experiments). Abscissa: log. dose /tg./kg. Ordinate: 
duration of response in minutes. Circles: blood-pressure; crosses: nictitating 

membrane. 

doses may be assumed to measure the time until the concentration 
falls to a certain threshold value, hence Co . e”°‘ = constant. This 
implies that t varies as log. dose. 

Clark and Raventos [1939 6] found this to be true with small doses 
(less than 3 fig./kg.) of adrenaline, but not to hold with large doses. 

Our results show the same relation (fig. 1). When the dose rises 
above 10 pg./kg. the durations are much longer than are to be expected 
from the formula given. The durations measured were two or three 
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times as long as those measured by Clark and Raventos, hut the 
general shape of the curves is the same in the two sets of experiments. 
The times of half-action for various doses can he measured from the 
tangents of the curves in fig. 1. According to the formula given above 
the factor a equals 0-7/time half-action. 


Cumulation with Continuous Infusion. 


Many authors have shown that infusion of adrenahne at a constant 
rate vdU maintain a response at a constant plateau for long periods 
[Trendelenburg, 1924; Dragstedt ef eZ., 1928; Prohaska eZ eZ., 1937]. 

In order to estimate the cumulation of adrenahne produced when a 
plateau vms attained hy continuous infusion, the cats were standardised 
by a series of quick injections and the continuous injections were inter- 
spersed. 

The nictitating membrane was more satisfactory than the blood- 
pressure for this type of experiment, because the former maintained a 
steady plateau with continuous infusion, w'hereas the latter usually 
attained a maximum and then dechned. 

The sensitivity of the cats varied over a fivefold range. Pig. 2 
shows coUected results obtained on the nictitating membrane with 
4 sensitive and 2 insensitive cats. 

The dosage response cmves follow the rectangular hyperbola found 
by many authors [Bacq, 1935; Rosenblueth, 1932; Clark and Raventos, 
1939 6]. The curves are drawn to the formula that expresses a reversible 
unimolecular reaction 


X . 


1 /* = 


y 

150 -y 


where 150 equals the maximum action. The values of h are 10 and 
31 /xg./kg- 

In aU cases the continuous injection resulted in a plateau being 
attained. The graph shows that aU responses to continuous infusion 
were below the maximum response, hence the plateau was not due to 
the tissue having contracted to the maximum extent. Tliis point was 
confirmed in the case of high doses by giving a quick injection of 
adrenaline in addition to the continuous flow, and this caused an extra 
contraction in aU cases. 

The fact that a plateau response was attained with large doses 
(10 ;ag./kg./min.) indicates that the rate of clearance was increasing 
■with the amount present as the result of these rates of injection. 
Hence the conclusion of Clark and Raventos [1939 6] that enzyme 
saturation occurs with doses over 3 /xg./kg. is probably incorrect. 

It seems reasonable to assume that the occurrence of a plateau with 

ntinuous infusion indicates a concentration of adrenaline equal to 
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that -which produces the same effect -when given as a quick injection. 
If this assumption be allowed then the rate of destruction can be 
calculated, pro-vdded there is no large difference in distribution in the 
two cases. 

The plasma volume of a cat is between 5 and 10 per cent, of the 
body weight, and the extracellular fluids are about 25 per cent, body 
weight. A quick injection of adrenaline will reach the susceptible 
tissue before it has mixed with the whole of the blood. Therefore, if 



Fig. 2. — EHeots produced by quick (A and B) and continuous (A, and B,) 
doses of adrenaline. A and Aj, figures from 4 sensitive cats; B and B,, figures 
from 2 msensitive cats. Abscissa: log. dose /jg./kg. or //g./kg./min. Ordinate: 
height of response of nictitating membrane. The dotted line shows where the 
curve drawn to the formula x .1/fc =y/100 —y deviates from the observed values. 

^ /^g-/kg. be given, the tissue is exposed for a few seconds to a concentra- 
tion of about 20 ;tg./kg. Continuous infusion pro-vddes plenty of time 
for equilibrium to be attained with the tissue fluids, hence a dose of 
^ Mg-/kg. spread over a minute is unlikely to produce a concentration 
of more than 4 fig./kg. 

Experiments were made to determine the extent to which this 
source of error affected our results. A series of doses were given alter- 
nately as quickly as possible and spread over a minute. The responses 
of the blood-pressure were equal under the two conditions, whilst the 
responses of the nictitating membrane were about 25 per cent, less 
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•with, the slo'w injection. These results indicate that the ratio of 
equiactive doses -wath slo-w and quick injection is certainly less than 
2 to 1 and may be equal to 1 : 1. 

The interval between quick injection and maximum response with 
both N.M. and B.P. -was 0-5 to 3 min., whilst the response to continuous 
infusion attained a plateau in about 5 min. Adrenaline therefore does 
not act with great rapidity, but quickly attains a plateau 'with con- 
tinuous injection, hence differences of distribution wdth the two forms 
of injection are not important. 

The blood-pressure responses were not as satisfactory for measure- 
ment as were those of the nictitating membrane, but in general showed 
the same relation between dosage and height of plateau response. The 
ratio quick dose (/ig./kg.)/continuous dose (pg./kg./min.) was nearly 
unity with doses near the threshold and rose to about 5 with large 
doses. 

Relation between Quick and Continuous Dosage. 

Fig. 3 shows averages of results obtained in 16 experiments. The 
relation between the two forms of dosage is that continuous dose 



3 . ^Relation between log. continuo^ dose //g./kg./min. (abscissa) and 

loB quick dose /ig./kg. of adrenaline (ordinate), which produce equal effects. 
Averace figures from 16 experiments. Crosses; nictitating membrane; circles: 

® ® blood-pressure. 

varies as (quick dose)"’®®. The amount of drug introduced per minute 
when the plateau is attained equals the amount removed and the 
quick dose indicates the amount cumulated, hence the figure shy 
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the relation, between the concentration of drug present (x) and the 
amount removed per minute (continuous dose). The relation found 
indicates, therefore, a clearance by a process, probably enzymatic, in 
which the amount of substrate changed per minute varies as 
(substrate conc.)®'“. The fraction of substrate present that is cleared 

per minute (a-) — -, and the value of a can only be constant when 6 

varies as x. In this case b varies as (a:)®'®®; hence 


a;0«8 

a = fc . - ~K , 
X 


(x) 


0-33 


or a is inversely proportional to ^ z. Fig. 4 shows the relation between 
tt and X calculated by two completely independent methods : (1) from 



Fig. 4. — Relation between, concentration of adrenaline (*) and fraction, 
cleared per min. (a). 

Abscissa: log, a; ordinate: log. x- 

Log a calculated from X Dosage-duration relations. 

„ „ „ + Relation between rate of continuous infusion and the 

height of plateau response. 

the dosage-duration relation with quick injections, and (2) from the 
relation between the rate of continuous infusion and the height of the 
plateau response. The two sets of calculations agree fairly well. 
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•witli the slow injection. These results indicate that the ratio of 
equiactive doses with slow and quick injection is certainly less than 
2 to 1 and may be equal to 1 : 1. 

The interval between quick injection and maximum response with 
both N.M. and B.P. was O-S to 3 min., whilst the response to continuous 
infusion attained a plateau in about 5 min. Adrenaline therefore does 
not act with great rapidity, but quickly attains a plateau with con- 
, tinuous injection, hence differences of distribution with the two forms 
of injection are not important. 

The blood-pressure responses were not as satisfactory for measure- 
ment as were those of the nictitating membrane, but in general showed 
the same relation between dosage and height of plateau response. The 
ratio quick dose (pg./kg.)/continuous dose (jag./kg./min.) was nearly 
unity with doses near the threshold and rose to about 5 wdth large 
doses. 

Relation between Quick and Continuous Dosage. 

Pig. 3 shows averages of results obtained in 16 experiments. The 
relation between the two forms of dosage is that continuous dose 



3 ^Kelotion between log. continuous dose /jg./fcg./min. (abscissa) and 

I B a'uiok dose «g./kg. oS adrenaline (ordinate), which produce equal effects. 

ficures from 16 experiments. Crosses: nictitating membrane; circles: 

Ufa blood-pressure. 

dncp)®’®® The amount of drug introduced per minute 
vanes as (quich. uosc; ,,, j 

when the plateau is attained equals the amount removed and the 
quick dose indicates the amount cumulated, hence the figure shows 
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Adrenaline dosage — 

(a) Continuous ;(g./kg.ymin. 

(b) Additional quick injeo- 

tion /)g./kg. 

Response on n.m. after (a) . 

(b) . 

Adrenaline equivalents of (a) 

(b) 

Difference 


Tahue I. 


0-34 

0-34 

1-02 

3-4 

6'0 

6-8 

10-2 

1-0 

34 

3-4 

10-2 

10-2 

10-2 

10-2 

0'6 

0-6 

2 

17 

57 

69 

88 

2 

7-5 

12 

61 

83 

91 

101 

0-5 

0-6 

1-2 

3-8 

10 

28 

60 

1-2 

2-2 

3-0 

14 

60 

70 

110 

0-7 

1-7 

1-8 

10-2 

31 

42 

50 


adrenaline that tvas given, but with larger doses the calculated dose 
was 3 to 5 times as great as the dose given. 

Table II. shows figures calculated in a similar manner from 6 
experiments. With continuous doses less than 5 fAg./kg./min., which 


Tabuk II. 


Continuous dose, 
pg./kg./min. 

Additional dose, 
/ig-/kg. 

Value of additional 
dose, /xg./kg. 
Calculated from 
response. 

0-33 

1-02 

1-6, 1-0 


3-4 

1-7 

0-5 

1-5 

0-4, 2-6 


50 

6-0 

0-66 

3-3 

2-3 

1-0 

3-4 

3-6, 3, 1-0 


6 

7 

1-5 

15 

18 

1-66 

6-6 

8-7 

2-66 

10 

16 

3-4 

10-2 

10 

4-0 

10 

15 

5-0 

10 

29 


15 

>100 

6‘8 

10 

46 

10 

10 

40 


15 

10 

16 

49 

64 


produce a response of one-quarter the maximum or less, the figures 
calculated from the response to the additional injection are approxi- 
mately correct, but when larger doses were given with continuous 
injection the added response was much greater than was to be expected. 

Blood-pressure responses also were measured and these gave similar 
results with low rates of continuous infusion, but with higher rates the 
plateau was not maintained at a constant level, and hence quantitative 
estimates of the additional response could not be made. 

The most probable reason for the excessive responses produced by 
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Additive Effects. 

The validity of the method used depends on the assumption that 
the production of a plateau response of a certain height indicates that 
a certain concentration of adrenaline is present in the blood stream. 

This assumption was tested by giving continuous infusions until 
plateaus were attained and then adding a quick injection of adrenaline. 
Fig. 6 shows the results obtained in one experiment. The continuous 
line and dots show the relation between dosage and the response of the 
nictitating membrane to' quick injections of adrenaline. The crosses 



Pjq_ 5, — ^Effects produced by quick injections of ndrenoline superimposed on 
continuous infusion. Abscissa; log. dose /;g./kg. or /;g./kg./min. Ordinate: 
lieight of rospoMB of nictitating membrane. Continuous line and dots: dosage- 
response curve to quick injections. Crosses: response to continuous injection; 
figures and circles: amount of superimposed quick injection and height of 
° response. 


show the heights of plateau produced by continuous infusions at the 
rates indicated by the abscissm. 

The dotted lines, circles and numbers indicate the extra response 
produced by quick injections of adrenaline given during the continuous 
administration. The adrenaline equivalents (^g./kg.) to the crosses 
and circles can be read off from the dosage/response curve. Table I. 
shows how the effect of the additional injection was calculated from the 

results given in fig. 5. 

With low doses of adrenaline the difference between the adrenaline 
equivalents of the responses is similar to the additional quick dose of 
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Adrenaline dosage — 

(а) Continuous /(g./kg./min. 

(б) Additional quick injec- 

tion (ig.lkg. 

Response on n.m. after (a) . 

(b) . 

Adrenaline equivalents of (a) 

(b) 

Difference 


Table I. 


0-34 

0-34 

1-02 

3-4 

6-0 

6-8 

10-2 

1-0 

3-4 

3-4 

10-2 

10’2 

'10-2 

10-2 

0-5 

0-6 

2 

17 

57 

69 

88 

2 

7-6 

12 

61 

83 

91 

101 

0-6 

0-6 

1-2 

3-8 

19 

28 

60 

1-2 

2-2 

3-0 

14 

60 . 

70 

110 

0-7 

1-7 

1-8 

10-2 

31 

42 

. 60 


adrenaline that was given, but with larger doses the calculated dose 
was 3 to 5 times as great as the dose given. 

Table II. shows figures calculated in a similar manner from 5 
experiments. With continuous doses less than 6 jng./kg./min., which 


Table II. 


Continuous dose, 
pg./kg./min. 

Additional dose, 

/'g-Zkg- 

Value of additional 
dose, fig./kg. 
Calculated from 
response. 

0-33 

1-02 

1-6, 1-0 


3-4 

1-7 

0-5 

1-5 

0-4, 2-6 


5-0 

6-0 

0-66 

3-3 

2-3 

1-0 

3-4 

3-6, 3, 10 


6 

7 

1-5 

15 

18 

1-66 

6-6 

8-7 

2-66 

10 

16 

3-4 

10-2 

10 

4-0 

10 

15 

5-0 

10 

29 


15 

>100 

6-8 

10 

45 

10 

10 

40 


15 

10 

16 

49 

64 


produce a response of one-quarter the maximum or less, the figures 
calculated from the response to the additional injection are approxi- 
mately correct, but when larger doses were given with continuous 
injection the added response was much greater than was to be expected. 

Blood-pressure responses also were measured and these gave similar 
results with low rates of continuous infusion, but with higher rates the 
plateau was not maintained at a constant level, and hence quantitative 
estimates of the additional response could not be made. 

The most probable reason for the excessive responses produced by 
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quick doses after large continuous doses is that the latter saturate the 
tissue fluids and cells with adrenaline and hence check the diffusion 
out of the plasma of the quick doses: 

In calculations of this kind the fact that the dosage-response 
relation follows a hyperbola can produce very misleading results unless 
caution is exercised. Por example, fig. 5 shows the following relation 
between rate of continuous injection and the height of response to a 
constant quick injection of adrenaline. 

Continuous injection /<g./kg./min. . 0 3-4 5-0 6-8 10 

Height of response (mm.) to 10 yug./kg. 42 34 26 22 13 

Adrenaline equivalent of rise calculated 10 10 31 42 SO 

from dosage-response curve. 

The larger the continuous injection the smaller is the amplitude of 
the response to the quick dose, but if the adrenaline equivalents of 
these responses be calculated from the dosage-response curve it is 
found that this figure rises as the amount of continuous injection is 
increased. 

Measurement of the amplitude of response without considering the 
dosage-response relation would lead to the conclusion that continuous 
adrenaline inhibited the action of quick injections of the drug and 
this might be produced as a proof of the “potential action” of adrenaline. 
In reality, the reverse is the truth and the continuous administration 
increases the effect produced by the quick injection. This provides a 
simple example of the errors that can occur in calculating synergisras 
or antagonisms of drug action. 

Form of Response to Cumulative Dosage. 

Fig. 6 shows the response of the n.m. to continuous infusion of 
3-4 /tg./kg./min. for 10 min. The right ordinate shows the adrenaline 
equivalents (jag./kg.) calculated from the dosage-response curves. 

The plateau height indicates half destruction in 2- 9 min. The 
cumulation and disappearance calculated from this figure are shown 
by curves B and 0. Curve A shows the response which should occur 
if there were no clearance. 

The curves show clearly that the plateau effect is not due to a 
maximum response having been produced. The recovery after cessation 
of dosage agrees well with the calculation of the dose cumulated. The 
rate of rise of the response is more rapid than that calculated, and this 
error would he increased if allowance were made for the fact that 
the rate of clearance is not constant but decreases as the adrenaline 
accumulates. There are so many variables that affect the rate of 
action of drugs that it is not profitable to try to explain this discrepancy. 
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Fio. 6. — Observed and calculated course of response to continuous injection 
of adrenaline. Abscissa: time in minutes. Ordinates: left, height response 
n.m.; right, adrenaline dosage producing corresponding height of response. 
Continuous line: response produced by 3"4 ug./kg./min. adrenaline for 10 min. 
Dotted lines: (A) calculated response if no clearance; (B) calculated response if 
half-clearance in 2-9 min. (a=0'24); (C) calculated fall at this rate of clearance. 

Discussion, 

The most important fact shown by the results is that the response 
to continuous adrenaline administration attains an equilibrium lower 
than the maximum responses, even when the adrenaline dosage is large. 

The results also show that the adrenaline clearance does not follow 
the simplest or unimolecular type of enzymatic clearance, in which 
the fraction of drug present that is cleared per minute is constant. 
In the case of adrenaline this fraction decreases as the concentration 
rises. The relation found is that the amount of adrenaline cleared 
per minute varies as (cone.)®'®®, and the fraction cleared per minute 
varies as l/(conc.)®'®®. The fractions cleared per minute (a) varied from 
0-88 with 0-3 p-g./kg. to 0-13 with 100 pg./kg. These values correspond 
to times of half-clearance of 0*85 min. and 5-4; min. 

These times of half-clearance are somewhat longer than those 
calculated by Clark and Raventos, which ranged from 0-3 to 3 min. 
These times are, however, much shorter than the rates of destruction 
found with the amine oxidase [Richter and Tingey, 1939]. The rates 
of destruction calculated from the plateaus produced by continuous 
infusion agree with the rates calculated from the dosage-duration 
relations. 
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These results can be explained' most easily on the assumption that 
the adrenaline is removed by some form of enzymatic action. The 
rates of removal even with large doses are, however, much more rapid 
than the rates of removal found with the amine oxidase. If the removal 
is due to this enzyme then its action in vivo must be much more rapid 
than its action in vitro. 

The rates of removal calculated in the present paper are somewhat 
slo'vt'er than those calculated by Clark and Raventos [1939 6]. This 
increases a difficulty encountered by these authors [1939 a], who found 
that the adrenaline liberated by sympathetic stimulation in the cat 
was reduced to half- concentration in 5 to 20 seconds, which was a 
shorter time than that expected from their calculations of the rate of 
adrenaline clearance. 


StniMAny. 

1. Continuous infusion of adrenaline in the cat produces over a 
wide range of dosage a plateau response in both the nictitating membrane 
and blood-pressure. 

2. This indicates that enzyme saturation does not occur even with 
large doses [correction of conclusion of Clark and Raventos, 1939 b]. 

3. The rate of clearance of adrenaline decreases as the concentration 
is increased. The relation found is that the fraction cleared per minute 
varies inversely as ^ (cone.). 

4. The relation between dosage and response and the relation 
between rate of continuous infusion and height of plateau response 
indicate similar rates of clearance. 

5. The times of half- clearance found varied from 0-8 to 5 minutes. 

I gratefully acknowledge my indebtedness to the late Professor 
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SOME EFFECTS OF THYROID AND GONADOTROPHIC PRE- 
PARATIONS IN THE FOWL. By Alan W. Greenwood 
and J. S. S. Blyth, From the Institute of Animal Genetics, 
University of Edinburgh, 

{Beceivcd for publication 13th October 1941.) 

WiTSCHi [1936] has shown that certain pituitary and allied prepara- 
tions can induce maturation and even full activity in the resting gonads 
of sparrows and finches. But while hormonal control appears to be 
involved in the non-breeding season, as it is in the oestrous cycle of 
mammals and the brooding cycle of birds, there is general agreement 
that the initiation and termination of the quiescent period are also 
related to certain external stimuli such as light variations. The re- 
searches of Bissonnette and Benoit indicate that these external agents 
require the intermediation of the anterior pituitary in order to exert 
their efieot [reviewed by Marshall, 1936; Van Dyke, 1939, p. 58]. 

As a rule, the annual autumnal cessation of egg production in the 
fowl coincides with the onset of the moulting period, and it might be 
assumed that the two processes are mutually incompatible, or too 
expensive physiologically to be carried on together. These views are 
supported by evidence from an inbred line, maintained at this Institute, 
in which a number of females have occurred which laid for two con- 
secutive years without a break; such birds either did not moult, or 
replaced only a small percentage of their feathers while laying at a 
reduced rate. 

Nevertheless, the length of the infecund period varies greatly in 
individuals, and often far exceeds the time required for the completion 
of feather replacement. In a group of 58 hens, drawn from hatches 
in three successive years, the length of the gap at the end of the first 
laying year was 84-8 days, with a standard deviation of 34-56 days. 
The gap also lengthens with age: for the same 58 birds the mean 
difference between the dates of renewal of production in the second 
and third years is 20-29 days (S.E., 3-89), and between the second and 
fourth years 29-74 days (S.E., 4-03). Greenwood e^ al. [1940] showed 
that although individual birds appeared to have a genetically deter- 
mined date on which production ended, second-year birds tended to 
cease laying slightly earlier than pullets. In the same communication 
it was also pointed out that the range of dates on which birds cease to 
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lay is very vide : it varied from July to December in the stock examined. 
If, therefore, external agents are basically responsible for the change- 
over from production to moulting, it is obvious that they do not act 
alone, but are dependent on the presence of certain suitable conditions 
vithin the organism itself. 

The present report deals with the results of some preliminary in- 
vestigations of the effect of anterior pituitary extracts and allied 
preparations, and of thyToid, administered to hens in and about the 
moulting period. 

hlATERIAL, 

The gonadotrophic preparations used were provided through the 
kindness of the Medical Research Council. They were Pregnant Mare’s 
Serum Q2, 30 I.U. per mg. (P.M.S.); Chorionic Gonadotrophin U.P. 31, 
100 I.U. per mg. (U.P.), and three extracts of anterior pituitary, viz. 
Sheep A.P, 117B, Horse A.P. 118B, and Pig A.P. 74D; the biological 
activity of the pituitary fractions is discussed by Chance et at [1939]: 
“B” signifies the alkaline soluble portion of acetone desiccated tissue, 
and “D” the fraction of “B” soluble in aqueous solution between 
pH 3 and pH 6. The thyroid used was the B.D.H. commercial product 
“Thyroideum.” 

The hens were part of the normal breeding stock of Brown Leghorns 
maintained at the Institute, and were aged fi-om 2 to 4 years. 

The gonadotrophic preparations were introduced in three ways: 
(1) injections of a 10 mg. per c.c. aqueous solution, (2) subcutaneous 
implants of pellets in which the excipient employed was glucose, and 
(3) pressure tablets. The thjwoid was administered in gelatin capsules 
until they were no longer available, when it was fed as pills made up 
with a little wet mash. 

Experimental. 


Gonadotrophic Preparations . — For 15 days from 3rd September 1940 
the five preparations were administered to a like number of pens of 
hens at the rate of 1 mg. per bird per day; each pen contained two 
age groups. The majority of females in this stock begin to moult in 
September and October, but, as mentioned in the introduction, the 
time at which individuals commence varies widely, and to control 
the tests by comparison with untreated animals would not be satis- 
factory. The best estimate of the date ivould be the average for 
■previous moults, but as the number of these varies from one to three, 
according to age, the data have been taken from the last year only: 
averaged figures show that the group receiving P.M.S. ceased pro- 
a fnn 33-78 ± S.I). 16-87 days after 1st September 1939; those 
UP. 43-20 ± 34-62; Pig Pituitary, 31-23 ± 19-18; Sheep 
Stuitary, 33-37 ± 20-02, and Horse Pituitary, 24-14 ±8-47 days. 
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Apart from the group getting Horse Pituitary, the moulting dates in 
each pen are widely scattered, and some would have been expected 
normally to fall within the period of the test. Actually 7- birds, dis- 
tributed over 3 groups, had already stopped production, though 4 of 
them laid within a week of the beginning of the experiment (Table I.). 
Since the comb regresses during ovarian inactivity, comb size (length 
+ height) was used to indicate the course of changes in tliis organ. The 
results are summarized in Table I. No reaction was detectable in the 
groups receiving U.P., Sheep and Horse pituitary extracts. The mean 


Table I. — Gonadotrophic Extracts to Laying Hens. 
1 mg. daily for 16 days. 



No. 

of 

birds. 

Difierenco from original comb size at 

No. of new birds 
moulting at 

7 Days. 

14 Days. 

21 Days. 

30 Days. 

Mean 

mm* 

S.E. 

Mean 

mm. 

S.E. 

Mean 

mm. 

S.E. 

Mean 

mm. 

S.E. 

0 

Days. 

14 

Days. 

21 

Days, 

f 

8 


0-87 


0-87 

- 9'00 

■ 






P.M.S. \ 

7* 

3-29 

0-68 

1-71 

0-84 

- 13-76 

0-12 






1 

16 t 

3-93 

0'66 



- 11-43 

1-32 

-23-21 

1-47 

0 

15 

0 

Tig 

16 


0-42 

Baud 

0-81 

- 3-31 

Pgilii 

- 7-81 

2-43 

0 

2 

7 

Pituitary 













U.P. 

15 

-4-73 

2-01 

-5-87 

3'IC 

- 8-93 

3-73 

-13-07 

4-08 

4 

4 

0 

Sheep 

17 


1-32 

0-53 

1>34 

- 0-53 

1-45 

- 4-69 

2-19 

1 

0 

1 

Pituitary 













Horse 

8 

nSE 

1-41 

-0-25 

2-22 

- 1-00 

2-lS 

- 4-37 

2-8f 

2 

1 

0 

Pituitary 














* 7 days’ treatment only. f Total. 


comb size of birds injected ivith Pig Pituitary rose slightly, then fell 
away normally after treatment ended, but neither egg production nor 
the number of birds entering the moult showed any abnormality. The 
only striking results came from the P.M.S. group: in it comb size 
increased noticeably during treatment; egg production ceased 1 to 5 
days after injections began, except for one egg laid on the 15th day, 
and the hens passed immediately into a heavy moult. In half of this 
group the injections were not carried beyond the 7th day, and in these 
comb regression appears to have begun less abruptly. One bird was 
killed after 14 days’ treatment and showed a normally active ovary 
vdth the three largest folhcles degenerating. Although during treat- 
ment the hens continued to look as if in full lay, and possessed widely 
separated springy pelvic bones, none of them showed any inclination 
to nest after the 5th day. 

The conclusion that P.M.S. was the only substance which definitely 

influenced the course of reproductive activity at this dosage-level was 
VOL. XXXI., m 3 .- 1942 . -IS m was 
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further confirmed when all the .moulting dates became available; the 
mean differences (with S.E.) between the dates in 1939 and 1940 in the 
various groups are as follows: P.JtS., -27-64 ±4-64 days; Pig. 
Pituitary, -3-0 ±3-52; U.P., 1*27 ± 5-18; Sheep Pituitary, 10-19 ± 
6-19; and Horse Pituitary, 2-17 ± 4-09 days. 

Following the failure to maintain egg production beyond the 
normal moulting date, attention was turned to hens that had already 
ceased laying and the same substances administered, usually in heavier 
doses, in an attempt to bring them back to production. In an endeavour 
to obtain a prolonged subjection to the hormone, pellets made up vith 
glucose, and compressed tablets of the pure substances, were implanted 
in the breast muscles in some cases. 

As no really constructive indications had come out of the original 
experiments this set took the form of “feelers ” carried out on single 
individuals or small numbers of birds. Periodic measurements made 
it possible to graph the course of each bird’s comb regression and 
regeneration, and breaks in the smoothness of the curve indicated the 
effectiveness of the preparations tested. The details are summarized 
in Table II., and where fluctuations in comb size were small, and 
might be due to errors in measurement, the results have been tabulated 
as “no definite effect.” 

Here, as in the first tests. Horse and Sheep pituitary,, and U.P- 
are without effect. P.M.S., even in higher doses, has less influence 
on comb behaviour than before; it may be capable of checking comb 
regression temporarily, but given alone is ineffective on fully regressed 
combs. When administered with thyroid there were indications of 
a renewal of comb gro^vth. On the other hand, the indefinite action 
of Pig Pituitary in the earlier experiments is replaced by a marked 
positive effect when higher doses are used; irrespective of the state 
of the comb at the time of testing it usually responded to this extract 
by increasing in size. The increase, however, was always temporary, 
even under prolonged treatment, and though some of the birds appeared 
to return to a laying condition, with an enlarged comb and wde springy 
pelvic bones, they did not lay. The case of the bird autopsied suggests 
that matmation of the follicles, but no ovulation, was taking place. 

Thyroid Feeding . — ^The fact that the comb showed growth when 
thvroid feeding was combined with the P.M.S. injections opened the 
auestion of whether the former would be effective alone, and 5 birds 
were fed 0-2 g. daily for 4 days; the combs began to increase sharply 
d line treatment; when treatment ceased the increase continued in 
3 at a slower rate, and in 2 the combs regressed apin. After 10 days, 
medication with the same daily dosage of thyroid was recommenced 
• these and 3 other birds; the combs increased in size rapidly and by 
12th day all except one looked and handled as if in production. 
H rmone administration was stopped in 4 individuals at this point; 
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Tabi,e II. 




Ko. 

Total 

Duration 

State 



Given as 

of 

per 

treat- 

of 

Effect on comb. 



birds. 

bird. 

ment. 

comb.* ' 





rag. 

days. 

I. 

None. 

P.M.S. - 

Aqueous solution 

1 

5 

1 


1 

3 

1 

B. 

Regression inhibited 6 < 



8 

6 

1 

Min. 

No definite effect. 



3 

14 

8 

Min. 

None. 



f 

14 

8 

Min. 

2 increased for 1 week, 


» » 

V 

dIus 0*8 g. thyroid in last > 

A 1 

definite effect. 


Glucose pellet 

2 



E. 

Regression inhibited 1 1 


Saline mush 

Ml 


thyroid u 

Min. ■> 

1 5 days ( 

No definite effect. 


Pressure tablet 

2 

12 

•• 

Min. 1 

None' tablets sloughec 
in 9 days. 

Pig 

Pituitary 

Aqueous solution 

1 

1 

91 

70 

19 

14 

B. { 
B. 1 

Increase 6 days, then ri 
to rapid regression. 

6 days’ inoreaso, thei 
gression. Killed 15tb 


»l ft 

active ovary with 
sized degenerate yoU 
6 days’ increase, thoj 




1 

2 


8 

B. 




gression. 



4 

20 

6 

Min. 

Do. 



( 


16 

Min. 1 



ft ft 

3{l 

dIus 4 ing. oestrone in last > 

Do. (CEstrone ineffeot: 





4 days 

) 



Glucose pellet 

2 



B. 

Regression inhibited 1 i 


Pressure tablet 

1 

12 


Min. 

Increased 1 week; regr« 


ft ft 

2 

11 


E. & Min. 

None. 

ShPep 

Aqueous solution 

2 

60 

12 

B. 

No definite effect. 

Pituitary 

Glucose pellet 

1 

20 


Min. 

None. 

Horse 

Aqueous solution 

1 

25 

6 

R. 

None. 

i'ltuitary 

ft ft 

2 

40 

7 

Min. 

No definite effect. 



3 

60 

12 

R. 

None. 


Glucose pellet 

2 

20 


R. 

None. 


Pressure tablet 

2 

12 


Min. 1 

None; sloughed out 
days. 


ft ft 

5 

11-14-5 

. 

R. 

No defbiite effect. 


ft ft 

3 

11-14-5 


Min. 

Do. 


ft ft 

2 

11-15-5 

-- 

I. 

Do. 

XT.P. 

Aqueous solution 

1 

70 

14 

R. 

None. 


* State of comb at beginning of test. 

I. =; Increasing in size; R. =Regressmg; Min. =Minimuin, t.c. fully regressed comb. 


1 laid the next day, and in the others the combs regressed. The 3 in 
which it was continued laid on the 16th, 19th, and 24th days, the first 
being one which had not had the previous 4 days’ feeding; the combs 
levelled out a few days before they commenced to lay. Treatment 
was stopped immediately laying began, but as it seemed curious that 
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no deleterious effects resulted from its abrupt cessation 1 hen was 
given th 3 n-oid for a further 14 days; it also continued to lay normally. 

Though none of these hens had shown any indications that comb 
growth was being renewed before the test began on 1st January, some 
had already passed the end of their previous moult gap, and there was 
just a chance that they might have come into production without 
thyroid medication. A second series of 7 were therefore selected, 
which had stiU some time to go before reaching their previous year’s 
date for onset of laydng. All the combs again responded immediately 
to a daily dose of 0-2 g., and 4 birds laid between the 18th and 31st 
day of treatment, dates which were from 13 to 36 days earUer than in 
the previous year. But, except in the case of the hen which laid on 
the 18th day, a peculiar retardation in the rate of comb growth began 
about the 11th day. The only obvious variation which could be 
related to this phenomenon was that the gelatin capsules in which 
the thyroid had been fed became unobtainable and from this time 
onwards the powder was fed as a piU made up with a little wet mash. 
In two individuals the comb became stationary and one began to 
regress despite continued feeding. Another pair which were showing 
practically no growth were given the addition of Pig Pituitary for 
4 days in diminishing doses — 5, 3, 2, and 1 mg. Though this caused 
renewed comb growth in both, and in one it continued until laying 
commenced at 26 days, regression supervened immediately in the 
other; similar diminishing doses of P.M.S. a week later produced the 
same results in this refractory individual. In the remaining two birds 
the check was not so pronounced and the comb continued its upward 


trend until they laid. 

The impression gained from individual comb graphs was that 
growth in the thyroid-fed birds was accelerated beyond that in normals 
coming into production, and while the small numbers of the former, 
and the minor variations of treatment to which they were subjected, 
do not lend themselves to statistical examination, a rough comparison 
with untreated hens has been made. The steepness of the ascending 
comb cirrve varies from beginning to end, as in a normal growth curve, 
so that the larger the section considered the better, and though not 
aU thyroid-fed birds were treated for quite this length of time, a three 
weeks’ period has been chosen. 

The rest of the hens in the original 5 pens were used as controls, 
and since the smallest increases resulting from thyroid feeding were 
13 mm untreated birds from all pens, making at least this amount of 
vdih ' during the period of each test, were used for comparison 
ble III )• addition, the mean comb change for each of the 
oririnal pens {excluding thyroid-fed birds) is given for the period 
f °the first test. While the mean increase in thyroid-fed birds 
”f both series is considerably higher than that in their respective 
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Table III. — ^Average Comb Gbow'th for Three Weeks’ Period. 



No. of 
birds. 

Increase 
mm. S.E. 

ThjToid-fed birds, Series 1 . . . . 

8 

27-87 ± 6-02 

Untreated birds showing an increase of 13 mm. 
or more. 

9 

19-79 ± 2-04 

Original group receiving P.M.S. 

11 

5-46 ± 1-44 

„ „ „ Pig Pituitary 

11 

0-36 ± 2-04 

„ „ „ U-P 

16 

3-94 ± 2-82 

„ „ „ Sheep Pituitary . 

17 

1-88 ± 3-36 

„ ,, „ Horse Pituitary . 

6 

0-50 ± 3-72 

Thyroid-fed birds, Series 2 . . . . 

7 

27-00 ± 3-31 

Untreated birds showing an increase of 13 mm. 
or more. 

1C 

23-31 ± 2-68 


controls, the difference is not statistically significant in either case. 
The impression that they had a higher comb-growth rate is therefore 
not substantiated, though it seems possible that a positive difference 
might emerge with larger populations in the compared groups. It 
can be noted, however, that although all the hens in Series 1 and 2 
show an increase of 13 mm. or more, only 9 out of 61 controls did so 
during the period of the first experiment and 16 during the second. 

Discussion. 

In considering the negative nature of the results with some of the 
gonadotrophic preparations the question of the adequacy of the dosage 
arises. Certainly U.P. appears to have proved inactive in all previous 
tests on birds [Allen, 1939, p. 1027], but Witschi and Keck [1935] found 
Hih s extract of Horse Pituitary very effective in stimulating the 
quiescent ovary of the sparrow. Unfortunately, as these authors 
measure their doses in rat units, this does not allow of comparison with 
ours. In another communication, however, Witschi [1935] illustrated 
sparrow ovaries stimulated to complete development by daily doses 
of 2 RU of hypophyseal extract or 20 RU of Pregnant Mare’s Serum. 
In the present experiments P.M.S. was active in the laying but not 
the non-laying hen, while similar quantities of Horse Pituitary extract 
were ineffective under both conditions. The report of Chance et al. 
[1939] indicates that Horse Pituitary is more active gonadotrophically 
(as tested in the immature rat) than either those from sheep or pig, yet 
a consistent positive effect was obtained with the last preparation in 
our fowls. Though further experimentation with different dosages 
is necessary to examine the adequacy of the amounts administered, it 

appears as if a species difference in relative reactivity to the various 
substances is present. 









182 


Greenwood and Blyth 

The failure of ovulation in stimulated ovaries and its actual in- 
hibition in the hen by gonadotrophins have already been noted by 
Bates e( al. [1935] and Walker [1926] respectively. On the other hand, 
Witschi [1935] obtained ovulation in both sparrows and finches by 
injections of P.M.S. Our results in laying hens with P.M.S. and non- 
laying birds with Pig Pituitary are in conformity with the former 
workers’, and the alternatives arise that the opposing findings are due 
to species differences in reactivity, or that there is an optimum level 
of hormone capable of inducing ovulation, and lying within definite 
limits which were exceeded in all cases but Witschi’s. Hartman’s 
opinion [Allen, 1939, p. 630] that pre-ovulation cell differentiation is 
important for ovulation is in line with the latter suggestion. The 
further possibility of a qualitative difference in the substances used is 
beyond the scope of this paper. 

Earlier researches on the effect of thyroid on ovarian activity are 
scanty and contradictory: Evans and Simpson [1930] and van Horn 
[1933] reported increased gonad-stimulating potency in the hypophysis 
of the hyperthyroid rat female, but Smelser [1934:] found no increased 
potency in those of either the hypo- or hyperthyroid rat. Erom matings 
following a 3-5-day treatment of the female rat with thyroid substance, 
Kraatz [1939] obtained increased litter sizes in April, October, and 
December, but a deleterious effect supervened in hot weather. In 
fowls,' Crew and Huxley [1923] were unable to demonstrate any effect 
of thyroid feeding- on egg production, but Crew [1925] reported an 
increase in the production of senile hens under similar treatment. 

Though ovulation was not obtained in aU the thyroid-fed birds 
there is no doubt, from the behaviour of the comb, that this hormone 
had a definite stimulatory effect on the ovaries. The hens which failed 
to ovulate tinder continued treatment were all in the second series, where 
the change-over from administration in gelatin capsules to wet-mash 
pills was associated with a retardation in the rate of comb increase. 
While it has yet to be determined that this relation was not fortuitous, 
it may be that the gelatin possesses “augmentation” properties similar 
to those disclosed in other proteins, like casein and albumin, when 
added to gonadotrophins [Saunders and Cole, 1936]. A single bird, 
not belonging to the experimental series, proved refractory when fed 
thyroid in a wet-mash pill, but responded at once and laid in 10 days 
when the same daily dose was provided as a pill bound with a little 
jelly made from domestic gelatin. 

The other point of note in this part of the experiment was that 
the abnipt cessation of feeding, either at the time of laying, or in one 
bird a fortnight after, was without effect on the continuance of ovarian 
function. Since administration of thjuoid hormone is usually con- 
sidered to depress the activity of the animal’s own thyroid gland, this 
ts that it is acting here not so much as a direct stimulatory agent 
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but rather as a releasing mechanism which allows the chain of events 
leading to ovulation to come into play. Nevertheless it has to be 
remembered that the initial stimulation was not enough, and that in 
birds which were not quite close to the point of production when 
treatment ceased the ovary returned to an inactive state. Thus it 
would have to be assumed that the hormone fed “carried” the factors 
producing ovarian activity until they were fully developed and became 
self-supporting. In the case of the only gonadotrophin which evoked 
a comparable effect — ^Fig Pituitary extract — stimulation of follicular 
development occurred but stimulation to ovulation was absent. Pre- 
sumably the action was a direct one on the ovary, and any effect on 
the bird’s own pituitary "would be of a depressant nature, so that even 
had complete ovarian function ensued it would have been sustained 
at best only for so long as treatment lasted. Birds brought into lay 
by thyroid feeding, however, continued to do so, from which it may 
be inferred that this treatment instituted a regeneration of the gonad- 
stimulating hypophyseal actmties which normally take place in the 
course of renewal of production, Benoit and Aron [1934], who found 
that thyroid stimulated the testes of young cocks and drakes, suggest 
that the different actions observed with various gonadotrophins may 
be due to differences in their thyreotrophic activity. In this connection 
it may be noted that Chance et al. [1939] found the Pig Pituitary the 
most active species thyreotrophically, which puts the assumption of 
a direct effect "with this substance in question. With thyroid feeding 
there were no instances of birds remaining in an apparently laying 
condition without ovulation, but this does not entirely rule out the 
possibility that the thyroid gland was involved in the reaction to Pig 
Pituitary extract. 

As a basis for further investigation along these lines our conception 
of the general endocrine situation in regard to the non-breeding season 
in the fowl may now be briefly discussed. Though the present results 
point to an insuf&cienoy of thyroid acti"rity, at least in the later part 
of the moult gap, Giacomini [1924] and Zavadowsky [1925] have shown 
that a single large dose of thyroid substance will precipitate a moult 
in the fowl. Hill ef al. [1934] found that moulting followed hypo- 
physectomy, but that the colour and structure of the new feathers 
were indicative of a marked hypothyroid condition. Greenwood 
[1936] concluded that moult is an inherent characteristic of all fowls 
irrespective of the presence or absence of sex glands, but that a certain 
degree of sexual activity is instrumental in inhibiting the moult. 
Seasonal thyroid weights suggest that thyroid actmty is greater .during 
the productive than the non-productive part of the year [Galpin, 1938], 
and from her figures it appears that thyroid weight is at a maximum 
(i.e. its activity is lowest) in the non-laying bird. On the other hand, 
Greenwood and Burns [1940] have demonstrated that the practically 
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continuous moult in the castrated bird is most intense at a time when 
thyroid secretion is regarded as approaching its maximum in the intact 
bird. 

Some clue to the meaning of these paradoxical observations may 
be found if the possibility is considered that the conditions essentia! 
to the onset of the moult are not necessarily the same as those which 
obtain once it is under way. It may be, as the work of Giacomini and 
Zavadowsky suggest, that the impetus to plumage change is derived 
from a brief release of an increased thyroid secretion, or, what would 
have the same effect, the normal secretion may become “available” 
for this purpose through the cessation or slackening of the inhibiting 
action of the gonad. The first supposition might be tenable in regard 
to Hill and Parkes’ experimental birds, or to hens, where sexual actmty 
ceases abruptly in the autumn, but the slower moult of cocks and 
capons, combined with the continuation of sperm production at a 
reduced rate in the former [Greenwood, 1936], suggest that the second 
postulation , is more probable. Such a switch-over in the demands 
made on the hormone from one part of the organism to another in no 
w'ay disagrees vrith the deduction from the study of gland weights, 
and from the present experiments, that it is a season of low activity 
for the thyroid gland. Indeed, it could conceivably have resulted 
from the lowering of the hormone-level below that adequate for gonad 
function, though the more obvious explanation of the cessation of 
gonad activity would be a deficiency of gonadotrophins. In this 
connection it has further to be considered whether lowered pituitary 
function is concerned solely with its gonadotrophic activities, or whether 
its thyreotrophic action is also involved, and so responsible for the 
change in level of thyroid secretion. 

Whatever may be the exact relationship between gonad, pituitary, 
and thyroid such considerations suggest that in the fowl the thyreo- 
trophic action of the pituitary has an important reciprocal counterpart 
in the influence of the thyroid on that gland, and through it on the 
functioning of the gonads. 

Summary. 

1. Extracts of Horse, Sheep, and Pig Pituitary, Pregnant Mare’s 
Serum and Chorionic Gonadotrophin were administered to hens prior 
to and during the moulting period. Dried thyroid powder was fed 
during the non-productive phase, 

2 Injections of P.M.S. to laying hens resulted in cessation of egg 
production within 5 days, and the onset of a heavy moult. The combs 
increased in size during treatment. Apart from a slight increase in 
comb size in the group receiving Pig Pituitary extract, no reaction 
to the other gonadotrophins could be detected at the dosage-level 

employed. 
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3. In non-laying hens P.M.S. had little effect; Pig Pituitary ap- - 
peared to cause a temporary reactivation of the reproductive organs, 
hut in no case did ovulation occur. The other gonadotrophins were 
again inactive. 

4. Consistent symptoms of ovarian stimulation resulted from the 
administration of thyroid, and a number of birds resumed egg pro- 
duction following this treatment. Variations in the degree of response 
obtained appeared to be related to the media in which this hormone 
powder was fed. 
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In a previous publication the effects of histamine on rats were studied, 
with special reference ,to shock and the relationship of the adrenal 
glands [Noble and Collip, 1941]. Histamine was selected as a pure 
chemical substance of possible physiological significance with which 
to induce a picture resembling shock. With this method quanti- 
tative results could be obtained without hsemorrhage, infection, or 
anaesthesia as complicating factors. At this time a number of ways 
of producing direct trauma to the tissues of the rat were investigated^ 
but without consistent or satisfactory results. These included pro- 
longed ischemia of one or two extremities; crushing of skin, muscles, 
or intestine; rapid freezing of limbs, skin and muscle, or intestine; 
scalding of skin and muscle. Moon [1938] has reviewed most of the 
experimental methods used to produce direct traumatic shock, but 
all may be included in the following criticisms; they are associated 
with at least one of the following — hsemorrhage, infection or 
anaesthesia — and the degree of trauma cannot be measured in a strictly 
quantitative fashion for duplicate experiments. Also, with the methods 
published it has not been practical to study the effects of trauma 
applied daily for prolonged periods. It was thought, therefore, that 
some other method of producing shock, which would overcome these 
diflaculties, was desirable in order to conduct a comprehensive study 
on the aetiology of shock and to test various therapeutic procedures. 
In the present paper the results are described which have been obtained 
using a method in which trauma was applied in a graded, controlled 
manner, following which a typical picture of shock developed, un- 
complicated by infection or haemorrhage. Unanaesthetized rats and 
guinea-pigs have been studied extensively, but the method could be 
modified for other species, 

* The findings recorded in this paper are a continuation of those contained in 
previous reports to the National Research Council of Canada, dating from 4th 
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The criteria which have been described to identify shock or to 
indicate the degree of shock are extremely numerous and frequentlj' 
open to criticism. Changes in blood pressure have often been recorded, 
but these are influenced by anaesthesia and haemorrhage. Blood- 
volume measurements are inaccurate through the loss of dye into 
the tissues. Haemoglobin values and red-cell counts are seriously 
affected by associated haemorrhage. Many of the chemical changes are 
inconstant and are probably secondary to other factors. Although 
some of the findings associated with shock have been recorded with 
the method to be described, the death or survival of the animal has 
been used in all cases and is emphasized as the most accurate indicator 
for experimental shock. 

Method and Afparaths. 

The underlying principle of the method is to traumatize the animal 
by placing it iii a revolving circular drum in which are projections, 



or bumps. These carry the animal up the side during a turn, and 
it is then dropped, to be picked up by the following projection. The 
distance the animal falls is such that obvious haemorrhage or fracture of 
bones are not produced. The apparatus may be seen in the figure, and 
consists essentially of a pair, or pairs, of identical circular galvanized 
iron drums connected by a short externally fixed, central shaft running 
in ball-bearings. On the shaft are various-sized pulley wheels for 
the driving belt. The drums have an inside diameter of 15 inches 
and a depth of 8 inches. The projections are of a blunt triangular 
shape on cross-section, with a height of 2 inches and base of 3 inches. 
The^outside of each drum is closed by a cUp or hinged lid, part of which 
' covered by heavy cellophane or glass so that observations can be 
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made inside. It is essential that all parts and projections he closely 
fitted to prevent the rat’s nails from catching in any cracks. The 
projections may screw on so that 1, 2, or 3 may be attached at equal 
distances apart. Each pair of drums is driven by a belt from a motor 
through a set of wheels or gears for adjustable speeds, and a suitable 
revolution counter is attached. By running animals in each drum 
at the same time, a strictly comparable control can be obtained for 
evaluating methods of treatment. 

The animals used have been maintained under as standard con- 
ditions as possible. The rats were of a strain bred in the laboratory 
and fed on Purina Fox Chow. Animals which survived were killed 
at various intervals after trauma. Their organs Avere dissected, fixed 
in Bouin’s solution, and weighed after partial dehydration in 70 per 
cent, alcohol. Blood was taken from the heart or tail for hasmoglobin 
determinations, Avhich were estimated using an electrophotocolorimeter. 
In each case control values were obtained on the animal beforehand. 
It was found necessary to ligate the end of the tail after bleeding to 
prevent subsequent hemorrhage during running in the drum. The 
room temperature has been kept as constant as possible without 
thermostatic control. 


Results. 

Standard Technique. — Many modifications in technique were 
employed before results which were considered satisfactory were 
obtained. The finally adopted technique, therefore, will be described 
first, but the early observations will also be summarized, since they 
may be informative in a repetition of this work. The rats which 
have been used Aveighed betAveen 150 and 200 g. Male animals were 
selected as near 160 g. as possible, and females at 150 g. The young 
guinea-pigs Avere of 150 to 250 g. For comparative mortality figures 
to be obtained the weights should be as standardized as possible. To 
prevent the rats jumping over the bumps it was found necessary to 
tape the paws with adhesive plaster. The front paAVs were therefore 
held by -an inch-Avide strip of plaster about half an inch apart. The 
hind paAvs were similarly taped just before the animal was placed in 
the machine. The tape was removed immediately folloAAdng the run, 
to prevent struggling. Such a procedure Avas not necessary for guinea- 
pigs. The most satisfactory drum-speed was found to be at 40 
revolutions per minute, and this has been kept constant to Avithin 
1 or 2 turns. Two bumps, as described, have been used in each drum. 
In Table I. the mortality figures and the time of death after the 
start of the shock application may be seen for male and female 
unansesthetized rats, and similarly for guinea-pigs. 

It may be noted that the number of animals dying showed a curve 
in proportion to the number of revolutions. Female rats apparently 
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Table I. — ^Mobtality in Rats and Guinea-Pigs tollowing Gbaded 
Degrees of Trauma. 


(Standard technique.) 



Males. 

Females. 

Revolu- 



Average 




tions. 

No. of 

Per cent. 

time of 

No. of 

Per cent. 



animals. 

mortality. 

death 

animals. 

mortality. 





(min.). 



(min.). 

Rats — 







800 

10 

100 

47 

12 

100 

39 

700 

10 

100 

60 

12 

75 

81 

600 

10 . 

80 

68 

•12 

66 

77 

500 

10 

70 

71 

12 

50 

116 

400 

■18 

60 

152 

12 

9 


300 

37 

8 

204 




200 

10 

0 





Guinea-pigs 

— 






250 

14 

85 

30 




225-300 

, , 

, . 

, 

10 

100 

18 

225 

10 

100 

37 




200 

14 

21 

60 

10 

90 

207 

175 

, , 

, 


14 

35 

24 

150 


, 


10 

30 

22 

125 


• 

• 

10 

0 



were about 100 turns more resistant than male animals, although the 
curves were quite parallel. Guinea-pigs were much more susceptible 
than rats, but the spread in the mortality figures was much less. Males 


were slightly more resistant than females. Rats apparently give more 
regular results, and have been found preferable to guinea-pigs in most 
studies using this method. The time of death after shock increased 
as the percentage mortality and number of revolutions became reduced. 
In the case of normal rats death has only occasionally occurred later 
than 6 hours after trauma. In the time of death recorded in Table I. 
animals djdng after 6 hours have not been included. 

Effects of- Variations in Method . — In initial experiments the drum- 
ppd was set at 21 revolutions per minute and 3 bumps were used, 
^male rats only were employed. When unamesthetized animals 
wwe run without having their paws taped they were found to give 
• eeular results, since some would at first jump over the bumps Until 
d and so protect themselves. These results are shown in 
T bl'^ li and those for animals having their paws taped run under 
narable conditions are also included. To prevent the rats jump- 
comp shocked while under light nembutal anesthesia, 

jng a 
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(Abbott’s Veterinary Nembutal was given subcutaneously in doses of 
from 19 to 26 mg. per kg. approximately 30 minutes before shocking.) 
With this modification the rats were more susceptible to shock when 
compared with those having their paws taped, as may be seen in 
Table II. This method had to be abandoned, however, because ap- 
proximately half the rats showed intra-abdominal hemorrhage due 
to tears in' the spleen (and rarely in the liver). Such animals are 
not included in these results. Apparently the relaxation of the 
abdominal muscles allows an increased amount of direct trauma to 
the spleen, as rupture of this organ has only exceptionally been observed 
in unansesthetized animals. Eor example, rats which were kept in a 
state of surgical anaesthesia under ether for 5 minutes and then allowed 
30 minutes to recover did not exhibit abdominal haemorrhage. These 
results are also included in Table II., and it may be noted that such a 
procedure did not increase the susceptibility to shock. 

A few animals with legs taped were run at a drum-speed of 33 
revolutions per minute with only 2 bumps. The effects were of a 
similar order to those with the previously described speed, and are 
recorded in Table II. A speed of 69 revolutions per minute with 
2 bumps was also used for some experiments. The effects at this 
speed on female and male rats with paws taped are also included in 
the table. These animals also showed a sex difference in that the 
females were more resistant. Guinea-pigs were run under some of 
the conditions stated above. Those at 21 revolutions with 3 bumps 
were subjected to preliminary ether ansesthesia as described for the 
rats, while those at 59 revolutions with 2 bumps were normal (Table II.). 
From direct observations on the animals when the drums are revolving, 
and from other considerations, it was concluded that the speeds of 
21 and 33 turns were too slow and 69 was too rapid. Similarly, 3 bumps 
were less satisfactory than 2. As previously mentioned, therefore, a 
speed of 40 with 2 bumps was adopted for subsequent experiments. 
It has also been noted that a more regular degree of trauma might 
be produced if the diameter of the drum was increased slightly from 
I to 1| inches. Similarly, if larger rats or guinea-pigs %vere to be used 
the depth of the bump could profitably be increased by about | inch. 

One experiment of a different type may be mentioned. Rats after 
having their paws taped were run in the machine and observations 
were made every 100 revolutions until the animals died. With a speed 
of 21 r.p.m. and 3 humps the number of turns required to kill female 
rats varied in 6 animals from 600 to 1400. This type of procedure 
was therefore abandoned. 

HfBmoconcentration avd Body Temperature . — Hsemoglobin determina- 
tions have been made on a number of rats subjected to trauma by this 
method, and in some cases rectal temperatures have also been recorded. 
In general it may be stated that the hsamoglobin values invariably 
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Table II. — ^Mohtality in Rats and Guinea-Pigs following Graded 
Degrees of Trauma. 

(Variations in technique.) 


Conditions. 

Revolu- 

tions. 

No. of 
rats. 

Per cent, 
mortality. 

Speed — 21 revs, per minute — 3 bumps — female 
rats — 




UnansEsthetized — ^paws untaped 

700-1000 

15 



500-600 

6 


TJnan»sthetized — paws taped . 

800 

6 

83 

Nembutal ansesthesia .... 

750 

8 

100 1 


500-600 

10 

10 

Preliminarj’’ ether ansesthesia 

750-800 

12 

75 

Speed — 33 revs, per minute — 2 bumps — ^female 
rats — 




Unansesthetized — paws taped . 

900-1000 

4 

100 


800 

6 

83 

Speed — 69 revs, per minute — 2 bumps — female 
rats — 




UnaniBSthetized — ^paws taped . 

700 


100 

600 


40 


600 

4 

0 

Speed — 69 revs, per minute — 2 bmnps — ^male 
rats — 




UnaniBSthetized — ^paws taped . 

700 

3 

100 


600 

6 

83 


500 

6 

17 

Speed — 21 revs, per minute — 3 bumps — female 
guinea-pigs — 




XJnanfesthetized ..... 

200-250 

8 

100 


150-175 

4 

0 

Speed — 59 revs, per minute — 2 bumps — female 




guinea-pigs — 

Preliminarj' ether anesthesia . 

250-300 

6 

100 

200 

4 

25 


150 

4 

0 

gpeed 69 revs, per minute — 2 bumps — ^male 




guinea-pigs — _ 

Pr'^liminarv ether ansesthesia . 

300 

4 

75 


225 

4 

0 


increase, indicating hEenioconcentration. The percentage increase 
apparently depends on the severity and the time foUowdng trauma. 
A number of facts have been established and may be summarized. 
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In rats subjected to a degree of shock always rapidly fatal a moderate 
hasmoconcentration occurs. In 8 animals subjected to 800 turns 
with the standard technique, and which lived only some 5-16 minutes 
after removal from the machine, the haemoglobin averaged 126 per cent, 
of the normal control values for the animals. Since this degree of 
concentration is quite compatible with life, the immediate cause of 
death was not due to haemoconcentration per se. In animals which 
survive for longer periods after moderately severe trauma it has been 
found that, immediately after, the haemoglobin values are increased 
from 5 to 15 per cent. Concentration may increase for 3 hours, and 
in some cases remains present for 6 hours or longer. With recovery 
the haemoglobin values return rapidly to normal, and usually actual 
haemodilution (values 80 to 95 per cent.) is observed. Haemocon- 
centration in some cases may be nearly maximal, as values of a 50 
per cent, increase have been observed. When individual values are 
considered a great deal of variation is found, depending on the animal 
and the degree of shock to Avhich the animal is subjected. In most 
cases, once the hsemoconcentration starts to diminish, although this 
may occur slowly, the chances of the animal’s survival are good. 
However, if the haemoglobin increases as high as 130 per cent., or 
over, in nearly all cases death ensues. The degree and duration of 
the hsemoconcentration therefore serves some value as an approximate 
indication of whether the animal will eventually sirrvive. 

Immediately following trauma the rectal temperature of rats and 
guinea-pigs may be raised slightly, but after a few minutes it falls 
rapidly. Temperatures below 95° F. are frequently found, and in 
general these are encountered at the same time as severe hsemocon- 
centration. Although the temperature may drop as much as 7° in 
i to 1 hour, its fluctuation has been found to be less reliable than 


changes in hamoconcentration as an indication of the severity of shock. 
The rectal temperature is undoubtedly markedly influenced by local 
blood-flow so that the alterations may be excessive if compared with 
temperature in other parts. 

Picture presented by Shocked Animals . — Following the removal of 
the animals from the drums, they are seen to be quiet, appear ill, but 
are not unconscious, and if startled will readily respond by moving 
about. Their condition apparently becomes progressively worse for 
some hours. Respiration is usually increased in rate. In some cases 
• around the margin of the mouth and nose, but tliis 

is s ig t, and free haemorrhage has never been noted. Occasionally 
e eeth, especially the upper incisors, may be broken or knocked 
t ^ + u such cases the animals are given a powdered form of Purina 

0 ea and are not considered in studies relating to weight disturbance.) 

1 follows rapidly the animal becomes moribund, respiration is 

^ heart-beat is irregular on palpation. Unconsciousness 

VOL. XXXI., NO. 3.— 1942. 14 
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is present for a short time before death but convulsions are rarely seen. 
Animals which are not so acutely ill gradually become quiet, lie 
prostrate, and drink water at frequent intervals. At an early stage 
severe diarrhoea is consistently observed. In guinea-pigs the changes 
are more acute, and most am'mals appear h’stless and quiet, with 
ruffled fur, until death or recovery. 

At post-mortem, or if the animals be killed, the findings are typical, 
but vary in intensity, depending on the degree of shock and the time 
of death after trauma. In rats a certain amount of bruising may be 
seen in some animals, especially over the skull and paws. The muscles 
in general appear redder in colour and more vascular than normal. 
This is especially noticeable in the anterior abdominal muscles. Free 
hmmorrhage is present in less than 1 per cent, of cases and is found 
in the subcutaneous tissues over bony prominences, occasionally in 
abdominal or retroperitoneal muscles. In such cases the animals are 
discarded in the tabulation of results. Haemorrhage into the skull 
or brain practically never occurs, although some increased vascularity 
may be present and the venous sinuses are prominent. The most 
striking changes are found in an animal some hours after shock, and 
are seen in the abdomen. These consist of extreme vascular dilatation. 


engorgement and congestion of the mesentery and bowel. The distal 
two-thirds of the small bowel frequently becomes very engorged and 
deep purple in colour. The cmcum similarly is nearly always affected, 
and the dilated vessels stand out clearly against the bluish-coloured 
muscle. Venous congestion of the rectum, duodenum and stomach 
may be present, but usually to a lesser degree. The contents of the 
bowel rapidly become fluid, and areas of congested mucosa of the 
small and large bowel desquamate into the lumen. The associated 
diarrhoea may be blood-stained. Acute hsemorrhagic erosions fre- 
quently occur in the stomach, ileum, and csecum. The Iddneys may 
appear congested and the urine frequently contains blood. The spleen 
is usually somewhat enlarged and congested from the trauma, but 
rupture or tears are infrequent in unansesthetized animals, as previously 
mentioned. Small subcapsular haemorrhage, however, may occur. 


The liver frequently shows contusion and engorgement, with haematoma, 
along the free margin, especially the anterior edge. The adrenal glands 
may show small hsemorrhages on their surface. In the thorax the 
changes are less striking. The heart may appear normal, but on 
cutting it only a small amount of dark-coloured thick blood escapes. 
The lungs usually are normal or slightly congested, but in some cases 
conaestion may be more marked, wnth small petechial hemorrhages 
sent Lung oedema is not usually encountered. Small hemorrhages 
^^av occur into the thymus gland. It has been noted that in animals 
? • n- rauidlv after severe trauma many of the changes described have 
S^developed. or are present only to a slight extent. When the 
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typical picture is presented the animal usually has survived at least 
half an hour after being subjected to trauma. 

When the animals recover but are killed after 24 or 48 hours a much 
more normal picture is presented, as healing is apparently rapid. In 
rats the intestinal congestion has. disappeared and. the bowel is usually 
contracted and empty. The caecum shows the most consistent change 
and may be seen as large, subacute mucosal ulcerations. The stomach 
mucosa may show similar erosions. The spleen is contracted and 
occasionally shows evidence of previous subcapsular hsemorrhage 
(Table III.). The Ever shows greyish healing scar areas. Very 


Table III. — Effects on Organ Weights after Tbattma in Rats. 


No. of 
Revolutions. 



Acute death. 

Killed 24 hours. 

Killed 48 hours. 

. 

tM 

° m 
d a 
'A 

c 

Adrenals, 

mg. 

a 

E fco 

|>s 

No. of 
rats. 

(3 , 

g 

to 

■I . 

c to 

< 

ta 

P 

«*-< 

R S 

CO 

e . 

8 bD 

< 

§ - 



I 


18S 

166 

189 

184 

255 

1 

2 

6 

6 

680 

655 

773 

616 

52-0 

66-6 

63-8 

46-4 

195 

172 

174 

167 

2 

2 

6 

686 

960 

696 

63'6 

44-5 

41-5 


Total 

36 

1139 

45-3 

183 

14 



169 


747 

46.5 




1227 

(27) 

1543 

(6) 

37 

(29) 

24 

(10) 


6 

3 

665 

1160 

43 

30 

205 

245 

9 

777 

32 



occasionally other changes are found — ^the kidneys may be pale and 
yellow, clear fluid may be present in the peritoneal cavity, slight 
retroperitoneal oedema may be seen, especially near the adrenal glands. 
The thymus gland may show some degree of involution and the adrenal 
gauds may be slightly enlarged. The weights of the spleen, adrenal 
an thymus glands of female rats subjected to various degrees of 
trauma and killed at various intervals are shown in Table III. These 
animals were taken from the series recorded in Table I. 
f table tabulates the organ- weights for some 

o e anraals which were used with modifications in technique, as 
no e in u^ble II, AH these results have been averaged, but only 
annua s subjected to a degree of trauma producing a 50 per cent, 
mor a 1 y have been included. The females were of a smaller size 
an regu arly used and averaged 135 g. in body-weight. 
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In guinea-pigs the same general picture is presented as in rats. 
However, the occurrence of subcutaneous intramuscular and even 
intracranial hemorrhage is much more frequent, and necessitates the 
discarding of a number of animals. The large bowel shows the most 
consistent and most marked changes. The lungs appear to show more 
congestion and oedema than do those of rats, and this may result in 
an increase in weight up to 20 per cent. Animals which recover 
appear normal in every respect, and no cases have been recorded where 
residual paralysis or other symptoms were seen, which might indicate 
damage to the nervous system. Similarly, no bony fractures have 
been observed. A loss in body- weight of 3 to 10 g. may occur in the 
first 24 hours after trauma, but this is temporary and the original 
weight is usually regained in 2 to 3 days. Histological examination 
of the various organs has only disclosed changes which were anticipated 
from the gross appearance and were similar to those reported by other 
workers in the pathology of shock. 

Discussion. 

The method which has been described to produce traumatic shock 
has been found to be more practical and to yield more satisfactory 
results than any other investigated in this laboratory. Since the 
animals may be subjected to graded degrees of trauma it is possible 
to obtain strictly quantitative results. With this method the com- 
plications of hmmorrhage, infection and anaesthesia, usually associated 
with experimentally produced shock, are absent, or reduced to a 
Tninirmim . In rats djdng after this procedure the symptoms and 
changes found are described as typical for shock [Moon, 1938]. The 
venous congestion and engorgement with cyanosis of the intestine, 
associated wdth severe haemoconcentration, is extremely marked. In 
cases where recovery occurs no evidence of any unexpected lesion has 
been found, as might be expected if injury to the brain or nervous 
system was produced. When rats were killed at 24 and 48 hours after 
shock the intestine shov'ed healing areas of ulceration and the spleen 
was contracted. From the w^eights recorded only slight adrenal en- 
largement was present at 24 hours and the thymus was slightly affected. 
Adrenal hypertrophy and thymus involution have been described by 
Selye [1936-1937] as typical changes indicative of the alarm reaction. 
Apparently the method of producing trauma described is associated 
with the development of only the mildest degree of alarm reaction. 

The time of death after shock in rats and guinea-pigs appears to 
be rapid, when compared with the findings for other methods of pro- 
j . shock and in clinical cases. Because of this difierenco it 
anneared questionable whether the method described for applying 
t^^ma resulted in death from shock or from some other cause, such 
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as the trauma itself. This point has been investigated as extensively 
as possible and, as has been pointed out, no evidence of any definite 
additional factor which might be the cause of death has been found. 
From the type of trauma which is used it might be suspected that 
damage to the nervous system could be responsible for the rapid death 
encountered. Some evidence contrary to this suggestion, however, 
may be mentioned. In a number of animals anaesthetized with 
nembutal an attempt to protect the spleen was made by taping the 
abdomen with adhesive. Of 8 animals only 2 died, whereas controls 
showed 100 per cent, mortality. In such cases the head and chest 
were quite unprotected. Other results, which -will be published shortly, 
may also be mentioned. Adrenalectomized rats are much more 
susceptible to this form of trauma than are normals, but they may be 
protected by suitable injection therapy. In general it may be stated 
that aU the evidence at present points to death being directly related 
to the amount of trauma applied, and a picture which is usually 
attributed to shock may be shown by the traumatized animal. It 
would appear that the rat has a considerable degree of resistance to 
shock and that a rapid return to normal occurs following trauma. 
With the present method there is no permanent lesion or laceration 
of tissue, so that trauma is really limited to the time in the machine. 
Therefore, it would appear logical that death should follow shortly 
after the trauma or not at aU once recovery processes set in. A com- 
parison of the time of death after this type of trauma and that following 
permanent damage produced by pounding, crushing methods might 
be expected therefore to yield divergent results in the order of those 
reported. 

The findings which have been obtained up to the present are most 
readily interpreted by the hypothesis which has been advanced by 
many that a toxic substance is produced in the tissues due to trauma. 
If this is the case it would explain why some animals may die immedi- 
ately following trauma and why, once this type of trauma ceases, the 
production of a toxic substance stops. In the animals where death 
follows almost at once the typical shock picture may be only partially 
developed and hsemoconcentration present only to a slight degree. 
These features must therefore be secondary to the liberation of the 
toxic substance. It would appear that if enough of the toxic substance 
enters the blood stream it produces death rapidly, possibly by affecting 
the heart or brain. In an animal receiving trauma for a short period 
the peripheral circulation is probably relatively good and therefore the 
toxic substance may be rapidly removed from the damaged tissue to 
the blood stream. On the other hand, in an animal subjected to trauma 
over a prolonged period the circulation may be poor and the toxic 
product released slowly causing death at a later interval. Somewhat 
similar conditions may influence the concentration of the blood. In 
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animals dying rapidly little hsemoconcentration may be found. How- 
ever, in the presence of traumatized tissues, over a longer period, marked 
loss of 'plasma from the blood may occur. It would appear that if the 
toxic substance produced remains in the tissues, as when the peripheral 
circiilation is poor, the loss of fluid locally is marked. In such cases 
the death of the animal is related to a direct toxic effect plus the result 
of hsemoconcentration. Further, when haemoconcentration is advanced 
the oxygen supply to the peripheral tissues is deficient. Such anoxaemia 
may lead to a further local increase in the production of the toxic 
substance. Such an argument would correlate the type of shock 
caused by methods employing temporary occlusion of the blood supply 
to some part of the body with that following direct trauma, since the 
end result would be the liberation of the same toxic product. The 
above theory for the aetiology of the development of shock, which has 
been evolved from the experiments described and others to be published, 
is similar in some ways to that of Moon. However, in the theory out- 
lined the peripheral tissues are suggested as the site where some funda- 
mental chemical alteration occurs following trauma or ischmmia, and 
this results in the production of a toxic substance. This substance 
may act locally, resulting in the attraction of plasma with hsemo- 
concentration (which in turn causes secondary general ischmmia and 
additional liberation of the toxic material), or systemically, possibly 
affecting the heart and brain, and even producing rapid death. Whether 
the substance acts locally or enters the systemic system may in itself 
be determined or influenced by the state of the cardiovascular system 
and peripheral circulation. In such a plan the capillaries would have 
a passive role and be affected secondarily rather than be the primary 
site of the damage responsible for the development of the shock picture, 
as outlined by Moon. 

If this explanation is correct the types of shock, as seen both 
experimentally and clinically, might be expected to show marked 
variations. At the one extreme would be cases where death followed 
trauma very rapidly, and at the other those which ran a protracted 
course and in which increasing hsemoconcentration was a prominent 
finding. Therapeutic procedures which tend to alleviate increased 
blood concentration might be expected, therefore, to be beneficial in 
the latter type of case only. 


Summary. 

A method has been described in detail by which rats and guinea- 
pigs were subjected to graded degrees of trauma. Following such 
a procedure mortality curves were obtained indicating that strictly 
antitative results could be produced. Am'mals subjected to this 
^ of trauma develop hffimoconcentration and the pathological 
changes ascribed to the condition of shock. The comphcations of 
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haemorrhage, infection and anaesthesia are not associated with the 
shook so produced. 

Some theories for the aetiology of shock are discussed, and from 
the experimental results obtained a modification of the toxic substance 
theory is suggested. 
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lu a previous paper a quantitative method for producing traumatic 
shock has been described [Noble and CoUip, 1941 o]. In rats subjected 
to this type of shock the number of animals dying "was shown to be 
directly related to the amount of trauma. This appeared, therefore, 
to offer a sensitive means by which to determine what influence the 
adrenal glands and other factors might exert on shock. In the present 
paper the observations have been continued, using adrenalectomized 
and hypophysectomized rats. Adrenal cortical extracts have been 
tested extensively on normal and adrenalectomized animals. The 
effects of ether anassthesia and of haemorrhage on traumatic shook have 
also been studied. 

Methods. 


The apparatus and method of applying trauma was the same 
standard technique as previously described, and the amount of trauma 
was proportional to the number of revolutions recorded. The rats 
were of a hooded strain maintained in the laboratory, and were selected 
when possible so that they weighed from 150 to 170 g. at the time 
when they were shocked. They were fed on Purina Fox Chow. All 
adrenalectomized animals were given O’ 9 per cent. NaCl to drink 
instead of water irrespective of whether they received other treatment 
or not, and showed an increasing body-weight. If these animals 
survived shocking they were placed on water after a few days, and 
unless a loss of weight and death followed within two weeks the animals 
were discarded and considered to be incompletely adrenalectomized. 
Hasmoglobin determinations were made, using an electrophotocolori- 
meter, on 0’05 0 . 0 . of blood drawn from the tail. The solutions were 
c eared by the addition of ammonia. Desoxycorticosterone acetate 
was administered as large single pellets (60 to 100 mg.) made by com- 
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findings recorded in. this paper are a continuation of those contained in 
reports to the National Research Council of Canada, dated 4th January 
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pression without any binding agent. The adrenal cortical extracts 
used were generously supplied by Upjohn Company, containing 50 dog 
units per c.c., and Connaught Laboratory, containing 30 dog units 
per C.C., and an extract kindly sent from Dr. E. C. Kendall. The 
corticotrophic extracts of the pituitary were made in a similar fashion 
■to those described [Noble and Collip, 1941 b], and were augmented in 
the same manner. 


Results. 

Relationship of Adrenals and Shock. 

Adrenalectomy. — In the initial experiments adrenalectomized rats 
of both sexes maintained on oral saline for 4 to 15 days were shocked 
and the mortality figures compared ■with normal rats. These results 
are recorded in Table I. The data for normal animals is taken from a 
previous paper. It may be seen that removal of the adrenals rendered 
the animals much more susceptible to this type of shock. Female rats, 
both normal and adrenalectomized, were slightly more resistant than 
males. Groups of animals have been tested for 4 to 15 days after 
adrenalectomy, but without any significant difference being found in 
the mortality figures. 

Adrenalectomy and Cortin Treatment. — ^Immediately following the 
removal of the adrenals the rats were treated with cortin. Subcutaneous 
injections were given twice daily for 4 or 5 days. On the day of the 
test 5 hourly injections were given and the animal shocked 15 minutes 
after the last injection. The three preparations of cortin gave prac- 
tically identical results, so these have been averaged. The doses used 
were: Upjohn — c.c. twice daily, J c.c. hourly; Connaught — J c.c. 
twice daily, | c.c. hourly; Kendall — ^ c.c. twice daily, ^ c.c. hourly. 
From Table I. it may be seen that cortin treatment completely restored 
the resistance of the adrenalectomized rats and that the figures obtained 
were actually sh'ghtly above normal. 

Adrenalectomy and Desoxycorticosterone Acetate Treatment . — ^The 
pellets of desoxycorticosterone were implanted into the subcutaneous 
tissues at the time when the adrenal glands were removed. The 
animals were shocked from 6 to 12 days later. In one experiment 
the pellets were weighed at the time of insertion and after removal 
from the animal. The average loss in weight of 6 pellets was 18-3 mg. 
in 26 days. From the results in Table I. it may be seen that this 
form of treatment raised the resistance of the rats to above that of 
adrenalectomized ones and practically to normal. 

Normals and Gorlin Treatment . — The treatment with cortin as 
described for adrenalectomized rats was repeated exactly on normal 
ones In two experiments water was given to drink and in one 0-9 per 
ent' saline, but -without markedly influencing the results. From 
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Table I. it may be noted that cortin definitely raised the resistance 
of the normal rat. This was clearly seen at 600 turns, but only a few 
animals were able to survive 800 turns. 

Normals and Desoxycorlicosterone Treatment. — The administration 
of pellets was similar to that described for the adrenalectomized rats. 
It may be seen that this form of treatment was less effective than 
cortin but raised the resistance above normal. Both the adrenal- 
ectomized and normal animals appeared to be affected to about the 
same degree by this therapy. 

Normals and Oorticotrophic Hormone Treatment. — From the results 
obtained on early experiments before the conditions of the shock 
method were standardized it appeared that oorticotrophic extracts 
exerted a beneficial effect on shock. For example, in one experiment 
with 8 hypophysectomized rats from 550 to 750 turns resulted in 
a 50 per cent, mortality. In 8 sinailar animals, but treated with a 


Tabus I. — ^Peb cent. Mobtamty aeteb. various Amounts of Trauma 
IN Normai, and Treated Rats. 

(Number of animals shown in brackets.) 




Number of revolutions. 



Condition and 








Treatment. 

800. 

700. 

600. 

600. 

400. 

300. 

200. 

Males. 








Normal .... 

100 (10) 

100 (10) 

80 (10) 

70 (10) 

50 (18) 

8 (37) 

0(10) 

Normals — cortin 

87 (8) 


14 (7) 

Normals (and oral NaCl) . 
Normals — 

60 (5) 
77 (9) 






44 (9) 

desoxycorticosterone. 






Normals — corticotrophin A 
Normals — ^inactive control 








extract C. 







Normals — corticotrophin B 

.. 

60 (6) 






Adronaleotomized . 
Adrenalectomized — cortin 





77 (9) 

68 (25) 

6(16) 


46 (13) 


21 (19) 

Adrenalectomized — 



S3 (6)' 

43 (7) 

0(7) 


desoxycorticosterone. 





Females. 








Normal .... 
Normals — corticotrophin B 
Adrenalectomized . 
Hypophysectomized 

100 (12) 

87 (8) 

75 (12) 
75(4) 

66 (12) 

90 ’(’lO) 

60 (12) 
0(7) 
87 (8) 

9(12) 

66 (6) 
44 (9) 

0(6) 

0(6) 


Average adrenal weights— Oorticotrophic A— 62 mg. 

” ” » — „ B — ^males =70 mg. 

” ” » — „ B — ^females =83 mg. 

” ” » — ^Inactive control C — males =34 mg. 
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corticotropMc extract and subjected to 800 turns, no mortality resulted. 
The average adrenals weighed 13 mg. in the untreated group and 50-4 mg. 
in those treated. Using the standard method for producing shock 
the eflFects of corticotrophin on normal rats has been determined and 
the results are included in Table I. It may be seen that such treatment 
enabled the rats to resist shock to an appreciable degree. 

Hypophysectomized Animals. — A number of rats were subjected to 
shock, from 13 to 20 days after removal of the pituitary gland. These 
results have also been included in Table I. The hypophysectomized 
animal was definitely more susceptible to shock than the normal, 
and appeared to react very similarly to the adrenalectomized. 

Hcemoconcentration . — ^Since one of the typical findings after the 
application of trauma was hsemoconcentration, a series of observations 
have been made on the animals described above. Alterations in 
hsemoglobin have been taken as an indication of changes in blood- 
volume. In each case the animal was bled before shocking, and values 
obtained after were expressed as a percentage of the control. The 
actual amount of haemoglobin is also included for the control value 
(calculated as for human blood). These results are shown in Table 11. 


Table II. — ^BDemoglobin Values in Normal and Treated JIale Rats 
SuRviviNo Five Hours after Trauma. 


Condition and 

No. of 
revolu- 
tions. 

No. 

of 

rats. 


Average hjemoglobin 
percentage. 

treatment. 


Start. 

1 

hour. 

3 

hours. 

6 

hours. 

Normals 

300 

8 

12-77 

100 

107 

105 

99 

... 

500 

5 

11-55 

100 

116 

106 

99 

Adrenalectomized 

200 

4 

11-98 

100 

106 

106 

102 

Normals — cortin . 

600-800 

8 

11-87 

100 

107 

115 

111 

Normals — desoxycorti- 
costerone acetate. 

600 

7 

11-44 

100 

111 

104 

104 

Adrenalectomized — 
cortin. 

600-700 

7 

11-22 

100 

117 

112 

111 


In normal rats after 300 turns a slight degree of haemoconcentration 
was present, but this was more marked after 500 turns. Increased 
values were present for 1 and 3 hours but had returned to normal 
5 hours after shock. Individual variation in these and the other 
animals recorded was very great. An increase in haemoglobin to 
4-29 per cent, was recorded in one case, and following blood concentra- 
tion a dilution usually occurred with resulting haemoglobin values as 

. on -nn-r nnnt of normal. Untreated adrenalectomized rats 

low as oU pel ecuu. 
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showed, evidence of blood concentration even after 200 turns, and this 
was of slightly longer duration than that found in normals. After 
cortin treatment the blood was still found to concentrate and little 
dilution had taken place in 5 hours’ time. This also occurred after 
treatment with desoxycorticosterone. The results recorded are difficult 
to compare, since the number of revolutions was so varied and the 
effects of treatment on resistance so different. It may be stated, 
however, that the methods of treatment employed did not prevent 
hsemoconcentration, although they may have modified it somewhat. 
It was also noted that normal animals consistently showed severe 
diarrhoea after shock, with apparent loss of fluid. Animals treated 
with cortin, however, developed relatively little diarrhoea. 

Effect of Ether Anaesthesia and Haemorrhage. — A number of different 
procedures were employed to determine the effects of hsemorrhage. 
The blood was removed rapidly by heart puncture either before or after 
shock. The amount bled was proportional to the body-weight, either 
1 or 2 c.c. per 100 g. At autopsy any animals showing evidence of 
bleeding into the pericardium were discarded. Bleeding was performed 
under brief ether anaesthesia of less than 5 minutes’ duration. Control 
experiments on the effects of ether alone were therefore conducted. 
In most cases the animals were divided into pairs and run at the same 
time in the paired drums of the shock machine. Rats of both sexes 
were used, and for comparative effects the sex difference should be 
noted. The results of these experiments may be seen in Table III. 

It may be noted that preliminary ether anaesthesia or bleeding 
30 minutes before shock did not apparently increase the susceptibility 
to shock. In fact, the bled animals appeared sUghtly more resistant. 
When blood was removed immediately, 10, 30, 60, or 120 minutes 
after shock there was no evidence that this increased the mortality. 
The number of animals surviving again seemed higher than normal. 
The same effect apparently was produced by the ether ansesthesia 
alone. 

Effect of Evisceration. — The extensive changes which were observed 
in the intestine after shock suggested that the eviscerate animal might 
prove of value in studies on the aetiology of shock. The intestine, 
from rectum to duodenum, was therefore tied off and removed under 
ether auEesthesia in a number of animals. The blood-supply to the 
stomach, liver, and spleen was carefully preserved. Such animals 
quickly recover from the operation and may be killed 12 hours later in 
good general condition. A number have been shocked 30 to 45 minutes 
a ter such an operation. These animals, even after a large number of 
turns, appear well and are unmistakably more resistant than normal 
rats to this type of shock. Death occurs eventually, but after a much 
onger interval than in normals. Eor example, 4 female rats were 
eviscerated and subjected to 800 turns. None of these died before 
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Table III. — ^Effects of Etheb An;esthesia and H^moeehage on 
Moetauty aftee Shock. 


Treatment. 

Sex. 

No. of 
revolu- 
tions. 

No. 

of 

rats. 

Per cent, 
mortal- 
ity. 

Ether controls 
not bled. 

No. 

of 

rats. 

Per cent, 
mortal- 
ity. 


M 





100 

Bled 1-0 c.c./lOO g. 30 minutes 

M 


io 

80 



before. 


Kifl 

8 

25 





300 

9 

0 



Bled 2-0 c.c./lOO g. 30 minutes 

M 

400 

8 

37 



before. 







Bled 0-7-1-0 c.c./lOO g. immedi- 

M 

300 

8 

0 



ately after. 







Bled 1-0 c.c./lOO g. 10 minutes 

F 

600 


50 

I 

0 

after. 


600 


25 

4 

0 



400 

0 

8 

8 

0 

Bled I'O c.c./lOO g. 30 minutes 

F 

600 


0 

2 

60 

after. 



■■ 




Bled 1-0 c.o./lOO g. 60 minutes 

F 

500 


0 

1 

0 

after. 



■1 




Bled 1-0 C.o./lOO g. 120 minutes 

F 

500 


0 

1 

0 

after. 



■ 





5 hours and the average time of death was 8 hours later. This efifecfc 
has also been demonstrated with guinea-pigs. Taping the abdomen 
with strips of adhesive also afforded some protection against the trauma. 
The degree of protection has been found to be roughly proportional to 
the amount of tape used. In one case 4 male animals were each taped 
■noth 2 strips of adhesive 1 inch wide and 12 inches long. Following 
800 turns 3 of the animals died at an average time of 3 hours and 
40 minutes later. When 4 strips of the same size were used, in a 
comparable experiment, only 1 out of 4 rats died. 


Discussion. 

The role of the adrenal glands in shock has become increasingly 
important because of the possible benefit of therapy using cortical 
extracts At the present time a number of reports have indicated that 
cortin and corticosterone are beneficial in the treatment or prevention 
of shock [Selye, Dosne, Bassett and Whittaker, 1940; Weil, Rose 
nd Browne, 1940; Selye and Dosne, 1940]. In the use of desoxy- 
^ f sterone however, some divergent results have been obtained. 
The^above workers found it of little value, whereas Perla, Freiman, 
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Sandberg and Greenberg [1940] reported beneficial effects. Swingle, 
Hays, Remington, Collings and Parkins [1941] have noted a difference 
in the response to treatment of adrenalectomized dogs depending on 
whether trauma was applied to muscle or to bowel. Desoxycortico- 
sterone was apparently of value in the former type of trauma only . 

In the experiments described the beneficial effects of cortical 
preparations were first confirmed using adrenalectomized animals. 
It may be noted that such rats, even though growth and health were 
maintained from drinking saline, ivere much more susceptible than 
normals to shock from trauma. Under the conditions described 
preliminary treatment with cortin very definitely raised the resistance 
of the animals, so that they were slightly more resistant than normal. 
The time and manner of treatment was believed to be important, as 
cortin injections if given only the day previous, or the same day, were 
not found to give as striking results, and a single or double injection 
was of little value. When adrenalectomized rats were pretreated with 
large doses of desoxycorticosterone acetate, administered as pellets, 
to procure gradual absorption a definite increase in resistance was 
noted. This, however, was not as great as that obtained from cortical 
extracts. It should be pointed out that in aU the experiments recorded 
the effects obtained were on the prevention of shock by pretreatment, 
since no treatment was administered after trauma, except where 
pellets were used. A continuation of treatment after trauma might 
have resulted in greater protection, but this can only be settled by 
experiment. 

Having evolved a form of pretreatment which would protect 
adrenalectomized rats, its action on normal animals was then deter- 
mined. Cortin was found in this case shghtly to raise the resistance 
against shock. This was most apparent with 600 turns, but was not 
of any great magnitude since 800 turns resulted in a high mortality. 
In 6 animals given saline to drink in addition the changes were of a 
similar order. Desoxycorticosterone treatment also proved of slight 
benefit. Stimulation of the animal’s adrenals by corticotrophic 
extracts also resulted in a slight lowering of the mortality following 
shock. In general it may be stated that the method of shock employed 
is probably a sensitive means of determining the value of treatment. 
Although the beneficial effects described have been definite the amount 
of protection afforded has been disappointing. From a practical 
standpoint the relatively large doses employed have proved of only 
little value. It is possible that Avith continued treatment, or with a 
different spacing of doses, the results might have been more encouraging. 
At the present time it is believed that the form of treatment described 
would be of only slight practical value. It has been established that 
the method of producing shock is not a limiting factor in these experi- 
ments. Using the same method of trauma it has been possible to 
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obtain large numbers of rats which withstood 1000 revolutions without 
any mortality, as will be reported at a future date. 

The studies on hsemoconcentration after shock and the effects of 
the forms of pretreatment described have yielded varied results. In 
a previous report [Noble and CoUip, 1941 c] it was found that the 
hypophysectomized rat showed a much greater and more prolonged 
hmmoconcentration than did normals after the injection of histamine. 
Treatment with corticotrophic extracts not only raised the lowered 
resistance of the animals but prevented the changes in htemocon- 
centration, so that a normal response was obtained. This effect was 
presumably through the adrenal glands. Following trauma, however, 
the adrenalectomized rats did not show particularly severe blood 
concentration. On the other hand, it was only possible to subject 
such animals to a smaU amount of trauma and have them survive. 
Comparison with the normal is therefore difScult, but it appeared that 
normal rats gave a slightly smaller effect even after a greater amount of 
trauma. Cortin and desoxycorticosterone pretreatment did not prevent 
hosmoconcentration in the rats, although the same number of turns 
to which they were subjected would probably have produced a higher 
degree of hsemoconcentration in normal animals. It is possible that 
the increased susceptibility of the adrenalectomized animal to shock 
might be related to the additional toxic effects of hsemoconcentration 
and that the value of cortin might be in preventing such blood con- 
centration. The results at present do not appear to justify this 
conclusion, hut a large series of animals in which the blood changes 
in those dying acutely could be included might be of interest. Cortical 
extracts, therefore, might prove of greater value in combating hismo- 
concentration and might be found more effective in the treatment of 
the type of shock where blood concentration is the predominant feature. 
As previously mentioned [Noble and CoUip, 1941 a], it is thought that 
the mortality resulting from the shock method described is primarily 
toxic in nature and that hsemoconcentration is a much less important 
secondary factor. 

From the reported observations on shock, especiaUy in humans, 
it would appear that haemorrhage and anaesthesia are definite factors 
which affect the severity and chances of survival. The results recorded 
on rats, therefore, are difficult to explain. Apparently in nearly all 
cases brief ether anaesthesia and bleeding before or after trauma did 
not increase the mortality figures. The reason for this discrepancy 
with other workers is not known, but may depend on the degree of 
haemorrhage or the type of shock (as mentioned above) which this 
method induces. Haemorrhage might be expected to increase the 
anoxaemia in types of shock wffiere haemoconcentration was severe, 
to the other hand, preliminary haemorrhage by inducing haemodilution 
• ht actually be beneficial in shock. The time factor between 
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hsemorrhage and shock probably is of greater importance than gener- 
ally noted. 

When the present method of shock was first described reasons 
were recorded why it was believed that the rapid death of the animal 
was probably related io a toxic factor rather than to possible damage 
of the nervous system. The results described further tend to rule 
out any extraneous factor related to direct trauma, since this would 
be constant. By taping the abdomen it was found possible to protect 
the animal against shock, although the skull and chest were quite 
unprotected. This suggested that visceral trauma was an important 
factor in the cause of death. The results obtained that eviscerated 
rats were much less susceptible also supported this view. In view of 
the results of Swingle et al. [1941] it might be suggested that muscle 
and visceral trauma are both present in the type of shock described. 
This might explain why desoxycorticosterone was effective, since it 
prevents shock from muscle trauma. The effects of evisceration have 
also suggested a number of new experimental approaches to the problem 
of demonstrating and isolating the substance possibly produced during 
shook, and some of these are under investigation. 

Summary. 

Rats have been subjected to traumatic Shock using the method 
previously described. It has been found that adrenalectomized rats 
are much more susceptible than normals to this type of trauma. Suit- 
able pretreatment with cortical extract restored their resistance to 
slightly above normal, and desoxycorticosterone acetate had a less, 
but definite, beneficial action. The same method of pretreatment was 
used on normal rats. In this case cortin and desoxycorticosterone 
caused a slight increase in resistance. Corticotrophic extracts of the 
pituitary were also effective to about the same extent. From a 
practical viewpoint the effects of adrenal preparations on this type of 
shock have been disappointing. 

The changes in blood concentration following trauma have been 
recorded and the effects of hfemorrhage and ether ansesthesia have 
been determined. These results are discussed in relation to the possible 
factors concerned in the aetiology of shock. 

This research was assisted by a grant from the National Research 
Council, Ottawa. We wish to thank Mrs. A. Nielsen and Mr. Larsen 
for their technical assistance in this experimental work. 
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BRONOHOMOTOR AND PULMONARY ARTERIAL PRESSURE 
RESPONSES TO NERVE STIMULATION. By I. be Btteoh 
Daly and Cathebine 0. Hbbe.^ Prom the Department of 
Physiology, University of Edinburgh. 

(Received for publication 22nd October 1941.) 

Ih isolated perfused lungs of the dog, stimulation of the stellate ganglion 
or thoracic vagosympathetic nerves (T.V.S.) has been shown to produce 
a rise of pulmonary arterial pressure (P.A.p.) in the absence of broncho- 
motor changes as measured by tidal air excursions [Daly and Euler, 
1932 ]. These results support the view that these nerves contain vaso- 
motor fibres to the lungs. They do not, however, militate against 
bronchomotor effects having some influence on the pulmonary vascular 
resistance; they only show that the resistance changes due to 
nerve excitation can occur independently of bronchial constriction. 
Recently we have had the opportunity of observing the effects of 
pulmonary nerve stimulation in the perfused whole animal under 
negative pressure ventilation. In many experiments strong stimuli 
caused complete bronchoconstriction which, among other effects, 
undoubtedly caused passive resistance changes in the pulmonary 
vascular bed reflected as alterations of P.A.p. In such experiments 
the activity of the pulmonary nerves progressively diminishes, and 
therefore the earlier in the experiment the tests are made the better 
will be the responses to nerve stimulation. Tliis applies both to broncho- 
motor and vasomotor effects, so it is to be expected that the most 
marked P.A.p. responses due to true vasomotor activity will always be 
associated with passive alterations of P.A.p. of bronchomotor origin. 
It is therefore of paramount importance to determine whether it is 
possible to distinguish between active and passive P.A.p. changes. 
The method adopted in the present investigation for perfusion of the 
whole animal is described in the succeeding paper [Daly, Elsden, Hebb, 
Ludany, and Petrovskaia, 1942 ]. In some of the perfused animals 
one lung had been removed at a previous operation. We have also 
performed experiments on isolated lungs perfused by way of the 
pulmonary artery with heparinised blood. 

In our experiments the lungs, placed in an air-tight chamber, are 
perfused at a constant blood inflow and ventilated by rhythmic changes 

^ Beit Memorial Fellow. 
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in extrapulmonary pressure. This is done by connecting a vacuum 
cleaner to the chamber, the resulting pressure fall in the chamber being 
nearly abolished sixteen times per minute by means of a valve vbich 
admits air to the chamber. The duration of the forces causing expan- 
sion of the lungs produced by the fall of extrapulmonary pressure is 
approximately equal to the duration of the elastic recoil of the lungs 
which causes almost complete coUapse when air is suddenly admitted 



Bto. Z. — (a) Expt. 38/W.L,8. Dog, $, 5-7 kg. Left lung removed at previous 
operation. Isolated perfused lungs. Negative pressure ventilation (N.P.V.). At 
1 and 5, gradual occlusion of trachea; at 2, 3, and 4, sudden occlusion of trachea. 

The release of the occlusion is gradual in all except 2. P.A.p. =pulmonary 
arterial pressure: T.A. = tidal air. 

(6) Expt. 39/9, Dog, $, 6-6 kg. Perfusion of whole animal {P.W.A.). 
N.P.V. At 6, 7, 8, and 9, sudden and complete occlusion of trachea followed by 

sudden release. 

The duration of occlusion in every case is shown by the horizontal white hnes. 
Inspiration is downwards and expiration upwards in this and all T.A. tracings, 

to the chamber through a wide-bore tube. This is shown by the fact 
that when the tracheal outlet is progressively obstructed hy means of 
a screw-clip so as gradually to increase the resistance to air flow, the 
resultant static air volume of the lungs shows little or no change from 
the dynamic mean air volume (fig. 1, obs. 1). The static volume is 
defined as the quantity of air in the lungs after tracheal occlusion. 
Owing to there being ^fferences in the visco-elastic properties of the 
1 nes of the preparations used, gradual occlusion of the trachea did not 
always fix the lungs in the mid-respiratory position: in general 55-65 
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ler cent, of the tidal air was entrapped in the lungs. It should be 
aentioned that the method of lung ventilation used automatically 



Fig. 2 — Dog, (J, 10 3 kg Isolated perfused lungs Blood flow 600-700 c c /mm. 

N P V. Showmg similar eSects to those m fig. 1, but mtrapulmonary pressure 
and lung blood volume (L B.V ) changes mcluded Evtrapulmonary pressure 
variations, -1-5 to -12 0 cm. H^O. L B.V. mcreasmg downwards 

a = gradual occlusion of trachea, 6= occlusion at full mspiration; c= occlusion 

at full expiration 

results in the extrapulmonary pressure falling slightly more when the 
trachea is oecluded than when air is allowed normally to enter the 
lungs [c/. Berry and Daly, 1931]. 
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in extrapulmonary pressure. This is done by connecting a vacuum 
cleaner to the chamber, the resulting pressure faU in the chamber being 
nearly abolished sixteen times per minute by means of a valve which 
admits air to the chamber. The dmation of the forces causing expan- 
sion of the lungs produced by the fall of extrapulmonary pressure is 
approximately equal to the duration of the elastic recoil of the lungs 
which causes almost complete collapse when air is suddenly admitted 



Fio. 1. — (a) Expt. 38/W.L.8. Dog, $, 6-7 kg. ie/< lung removed at previous 
operation. Isolated perfused lungs. Negative pressure ventilation (N.P.V.). At 
1 and 5, gradual occlusion of trachea; at 2, 3, and 4, sudden occlusion of trachea. 
The release of the occlusion is gradual in all except 2. P.A.p. =pulnionary 
arterial pressure; T.A. = tidal air. 

(6) Expt. 39/9. Dog, $, 6-6 kg. Perfusion of whole animal (P.W.A.). 
N.P.V. At 6, 7, 8, and 9, sudden and complete occlusion of trachea followed by 

sudden release. 

The duration of occlusion in every case is shown by the horizontal white lines. 
Inspiration is downwards and expiration upwards in this and all T.A. tracings. 


to the chamber through a w-ide-bore tube. This is shown by the fact 
that when the tracheal outlet is progressively obstructed by means of 
a screw-clip so as gradually to increase the resistance to air flow, the 
resultant static air volume of the lungs shows little or no change from 
the dynamic mean air volume (fig. 1, obs. 1). The static volume is 
defined as the quantity of air in the lungs after tracheal occlusion. 
Owing to there being differences in the visco-elastic properties of the 
1 ngs of the preparations used, gradual occlusion of the trachea did not 
always fix the lungs in the mid-respiratory position: in general 55-65 
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that the change of P.A.p. -which occurs when the trachea is suddenly 
occluded at full lung expansion -will be determined not only by the 
subsequent intrapulmonary pressure rise, but by the absence of sub- 
sequent collapse of the lungs which normally increases the capillary 
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Fio. 3. — Expfc. M.S.16. Dog, 10'3 kg. Isolated perfused lungs. N.P.V. 
BSect of alterations in extrapulmonary pressure on the P.A.p., lung blood volume 
and air volume. The extrapulmonary pressure was reduced in steps to - 2, - 4, 

- 6, - 10, - 14 cm. HaO and then raised to ~ 6 and finally to 0 cm. HjO. L,B,V. 
=lung blood volume, increasing downwards. The observations were made at 
the beginning of the experiment before ventilation, hence the small changes and 
the response lag of the intrapulmonary volume. 

resistance and causes a P.A.p. rise. These two influences tend to 
balance one another, but it appears that the intrapulmonary pressure 
effect predominates so that the resultant effect is a P.A.p. rise. Eeason- 
ing on the same lines, the fall of P.A.p. due to the reduced mean intra- 
pulmonary pressure caused by tracheal occlusion with the lungs in the 
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Mechanical Factors. — In order to throw light upon the mechanisms 
which determine the P.A.p. change during complete bronchoconstriction, 
we have attempted to simulate the intrapulmonary pressure changes 
which occur during vagal bronchoconstriction by suddenly occluding 
the tracheal outlet at different phases of the respiratory cycle. Sudden 
tracheal occlusion at the height of lung expansion leads, during the 
succeeding rise of extrapulmonary pressure, to a rise of mean intra- 
pulmonary pressure due to the elastic forces of the lungs, which act 
to compress the air they are no longer able to expel. An intrapulmonary 
pressure rise causes, as is well known, a rise of P.A.p. due to compres- 
sion of the capillaries. K, however, the trachea is occluded when the 
lungs are collapsed, no air can enter the lungs during the succeeding 
extrapulmonary pressure fall, with the result that the intrapulmonary 
pressure also falls causing a corresponding drop in the P.A.p. due to 
capillary dilatation (see fig. 1, obs. 4, 8, and 9; fig. 2). In all prob- 
ability the intrapulmonary pressure changes described above are the 
main cause of the observed P.A.p. alterations during sudden tracheal 
occlusion. That other mechanisms also play some part we have no doubt. 

There are three main mechanisms which govern the respiratory 
P.A.p. variations as well as the mean P.A.p. of lungs perfused at a 
constant blood inflow under “negative” pressure ventilation: (1) lung 
expansion per se which, owing to the internal architecture of the lungs, 
increases the calibre of the pulmonary capillaries. The resulting 
increase in blood capacity of the capillaries lowers the P.A.p. only whilst 
the lungs are expanding, and if this was the only factor, the P.A.p. 
would return to its initial value when the lungs had reached fuU ex- 
pansion. The associated diminished capillary resistance, however, also 
lowers the P.A.p. during expansion and remains effective in keeping 
the P.A.p. down just as long as the lungs remain expanded. The P.A.p. 
is therefore partly determined by the degree of lung expansion (fig. 3). 
(2) The falling extrapulmonary pressure which increases the capacity 
of the relatively large blood-vessels lying on the surface of the lungs 
without producing a significant change in their resistance: this gives 
rise to a transient drop of P.A.p. only during the period of falling 
extrapulmonary pressure. (3) Changes in intrapulmonary pressure 
which are determined by the resistance to air entering or leaving the 
lungs. Normally a slight capillary dilatation producing a fall of P.A.p. 
occurs during normal lung expansion by virtue of the intrapulmonary 
pressure being reduced slightly below atmospheric pressure. Opposite 
effects take place during expiration. The greater the resistance to air 
flow and the greater the speed of ventilation, the more marked will 


these effects become. , j 7 t nonm 

These considerations are based upon the work of de Jager [1879], 
•Dixon and Brodie [1903], Spee [1909], Romanoff [1911], and Daly 
^930 1938]. as well as upon unpublished work. It should be noted 
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cycle. The slope of the curve CD, denoting the change of P .A.p. due 
to tracheal occlusion with extrapulmonary pressure variations of 
0 to - 12 mm. Hg is, as would be expected, steeper than that of AB 
taken with extrapulmonary pressure variations of 0 to -8 mm. Hg. 
The T.A. values before tracheal obstruction were 50 c.c. for curve AB 
and 100 c.c. for curve CD. The fact that the curve CD does not cross 
AB at the point corresponding to occlusion with 60 per cent, of the 
tidal air present in the lungs is probably due to the visco-elastic forces 
of the lung having changed as the result of altering the extrapulmonary 
pressure values. 

These results suggest that when sudden and complete obstruction of 
the trachea occurs during ventilation of the lungs, the main mechanical 
factor which determines alterations of P.A.p. is the amount of air 
entrapped in the lungs. When the obstruction entraps more air than 
that contained in the lungs at the mid-respiratory position, the intra- 
pulmonary pressure and P.A.p. rise, whereas when less air is entrapped 
than that held by the lungs in the mid-respiratory position the intra- 
pulmonary pressure and P.A.p. fall. If no other factors are involved, 
it follows that the mean P.A.p. should not alter when complete and 
sudden obstruction takes place midway between expansion and collapse, 
provided also that in their duration the forces causing expansion and 
collapse are equal. 

The effect of the degree of lung expansion on the capillary resistance 
in the absence of capacity effects can best be demonstrated by the 
application in steps of a steady extrapulmonary pressure to produce 
varying degrees of expansion (fig. 3). 

The Relation between Bronchomotor Ejfects of Nervous Origin and 
the Pulmonary Arterial Pressure Response. — If we are so far correct 
in our interpretations, then complete and sudden bronchoconstriction 
produced by pulmonary nerve stimulation should cause similar qualita- 
tive changes in the P.A.p. as does tracheal occlusion, provided no direct 
effect on the pulmonary vessels is produced by the stimulation, and 
provided also that the elastic recoil of the lungs undergoes no change. 
We have examined the effects on the mean P.A.p. of some 70 stimula- 
tions of the caudal ends of the cervical vagosympathetic (C.V.S.), 
cervical vagus (C.V.), and cervical sympathetic (C.S.) nerves, all of 
which produced a concomitant bronchoconstriction, either complete 
or partial. When complete or partial bronchoconstriction has taken 
place, the percentage amount of tidal air retained in the lungs has 
never been greater than 55 per cent, and usually less than 50 per cent, 
(figs. 6 and 6). That is to say, the lungs have tended to collapse as 
bronchoconstriction supervened. Even when a sudden and complete 
bronchoconstriction has appeared likely to fix the lungs in the expanded 
position a final expulsion of air has apparently taken place (fig. 6 , a, d). 
Since in these experiments the duration of the forces causing expansion 
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collapsed condition is greater than the fall of P.A.p. -which -would have 
occurred if the lungs had been aUo-wed to expand. 

No mention has been made of the effects on the P.A.p. of blood 
redistribution in the lungs "which may be produced by tracheal obstruc- 
tion during “negative” pressure ventilation. They are too complex 
to evaluate, but redistribution might cause changes in the volume 



FiO. 4. — From same experiment (39/9) ns fig. I. Effect on the pulmonary 
arterial pressure of sudden and complete occlusion of the trachea at different 
phases of the respiratory cycle. AB =extrapulmonary pressure -O-S to 
- 8’0 cm. HjO, tidal air before occlusion, 60 c.c. CD =oxtrapulmonary pressure 
-0-5 to - 12'0 cm. HjO, tidal air before occlusion, 120 c.c. 

elasticity coefficients of the blood-vessels and so modify to some extent 
the relative effects on the P.A.p. of the factors enumerated above. 
For a similar reason the effect on the larger intrapulmonary blood- 
vessels of restricting lung expansion is not discussed. We believe, 
however, that since the capillaries form the greater part of the pulmonary 
resistance and contain at least twice as much blood as the rest of the 
lung vessels [Daly, 1938], they play the major part in determining 
P An changes brought about by mechanical influences. 

'iffie graph of fig. 4 shows the effect on the mean P.A.p. of sudden 
d con^lete tracheal occlusion at different phases of the respiratory 
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bronclioconstriction is sudden and complete, the intrapulmonary pres- 
sure change as well as the final position in which the lungs are fixed 
will govern the P.A.p. It follows that since under the eonditions of our 



a b 0 d e f 

Pig. 6. — From same experiment (38/W.I.,8) ns fig. 1. Both C.V.S. nerves cut; 
eserine 2-0 mg. ie/( lung removed at previous operation. 

a, c, and e =Btimulation of caudal end of L.C.V.S., c.d. 0 cm.; 6 and/ =6timula- 
tion of caudal end of R.C.V.S., c.d. 0 cm. 

The systemic circulation pump was stopped shortly before d, when adrenaline 
20 fig. was injected into the pulmonary arterial tubing. The T.A. tracing lever 
stuck at the top, and when moved downwards complete bronchoconstriction was 
found to have been produced by R.C.V.S. stimulation. 


experiments the lungs always become immobilised towards the expira- 
tory position during bronchoconstriction of vagal origin, the P.A.p. will 
rise if the bronchoconstriction is partial or, when complete, if its onset 
is slow enough to allow the intrapulmonary pressure to become equal 
to the atmospheric pressure. If, on the other hand, the broncho- 
constriction is sudden and complete the P.A.p. will faU. 

The volume of air entrapped in the lungs as a result of vagal broncho- 
constriction will be, for any given extrapuhnonary pressure variations, less 
than that entrapped by tracheal occlusion, owing to the former taking place 
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and collapse of fche lung is approximately the same before nerve stimula- 
tion, Tve interpret these results as indicating that pulmonary nerve 
stimulation causes an increase in the viscance and/or elastance of the 
lungs, as Bayliss and Robertson [1939] found for vagal stimulation in 
the cat. Whether active contraction of the interstitial musculature of 



a b c d “ 


Fig. 5. — Expt. 31/2A. Dog, $, 4-7 kg. Left lung removed at previous operation. 
P.W.A., N.P.V. Both cervical vasosympathetic (C V.S.) nerves cut. Esenno 
2-0 mg. Caudal end of nerves stimulated m each case. 
a=two stimulations of R C.V S., coil distance (c d ) 7 cm ; b =stimulation of 
L.C.V S., c.d. 0 cm., and tracheal occlusion followed by release; c=:two stimula- 
tions of R.C.V.S., c d. 7 cm ; d =stiranlation ol R C.V S , e d. 0 cm.; B=tlireo 
occlusions of trachea at different points m the respiratorj^ cycle The T.A. lover 
had reached its lowest possible level m last portion of tracing. 

The nse of the T A tracing during complete bronchoconstriction in a, c, and d 
is due to the flow of oxygen into the closed circuit respiratory system. If this 
flow IS perfectly balanced u ith the oxygen consumption of the amraal, the T.A. 
tracmg remains horizontal as at the begmnmg of a. 

the lungs plays a part in the production of this phenomenon we are 
unable to state. If the lung “hindrance,” a term suggested by Bayliss 
and Robertson to denote the total force developed in response to a unit 
deformation at unit rate, is increased during the development of com- 
plete bronchoconstriction, the effect upon the P.A.p. will be complex 
depending upon the rate of development of lung “hindrance” leading 
to complete bronchoconstriction. If the complete bronchoconstriction 
of vacfal origin takes place slowly enough to allow the mean intra- 
nulmonary pressure to become equal to atmospheric pressure, then the 
position in which the lungs are finally immobilised will be the main 
mechanical factor determining the P.A.p. change. If, however, the 



Bronchomotor and Pulmonary Arterial Pressure Responses 221 

slight hronchoconstriction during which the dynamic mean air volume 
alters little, therefore no passive effects on the P.A.p. would he expected 


liflfr .. 
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Fia. 7. — Expt* SI.S.13. Dog, $, 15*0 kg. Isolated perfused lungs. N.P.V. 
Two stimulations of the thoracic vagosympathetic (T.V,S.) nerve, c.d, 0 cm., are 
sho%vn at the beginning and end of the record. 

1 =:gradual tracheal occlusion followed by release. 2=sudden and complete 
occlusion of trachea at height of expiration, and 3, at height of inspiration. 


to take place. The second L.C.V.S. nerve stimulation, which is accom- 
panied by a slight release of the complete hronchoconstriction produced 
by a previous stimulation of the R.C.V.S. nerve, has no effect on the 
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nearer to the terminal air tubes than the latter. Thus sudden and complete 
bronchoconstriction of vagal origin mli have a greater effect on the intra- 
puhnonary pressure and P.A.p. than tracheal occlusion in whatever phase of 
the respiratory cycle the obstruction to air entering and leaving the lungs 
takes place. 

We attribute the fall of P.A.p. in fig. 5, c, d, to the fall of intra- 
pulmonary pressure which accompanies the complete bronchoconstric- 
tion. These tracings should be compared with those obtained by 
tracheal obstruction (fig. 5, e). On the other hand, the rise of P.A.p. 
accompanying partial bronchoconstriction shown in fig. 7 cannot have 
been due to changes in the mean intrapulmonary pressure for the air- 
way is only very slightly obstructed. The dynamic mean air volume 
has shifted towards the expiratory position, and this in itself may be 
sufficient to account for the rise of P.A.p. It would he expected that 
on occasion the rates of onset of complete bronchoconstriction giving 
rise to a new mean air volume and of the tendency for equahsation of 
the intrapulmonary pressure with the atmospheric pressure might be 
such that the effects on the P.A.p. nearly tend to balance one another, 
Slight differences in the temporal relations of these effects might there- 
fore produce a diphasic P.A.p. response. We believe that fig. 5, a, 
illustrates such a mechanism. In this tracing the initial effect during 
one respiratory cycle of a reduction in T.A. towards the expiratory 
position would tend to produce a temporary rise of intrapulmonary 
pressure and of P.A.p. During the next cycle, at the end of which 
complete bronchoconstriction occurred at the mid-respiratory position, 
the intrapulmonary pressure would tend to equalise with the atmo- 
spheric pressure, thus causing a reduction of P.A.p. to its initial value. 
Thus the final P.A.p. value would be determined only by the position 
in which the lungs became fixed during complete bronchoconstriction. 
The fact that the P.A.p. changes lag considerably behind the broncho- 
motor effects is due to the large inertia of the mechanisms involved. 

Changing Eesponse of Pulmonary Arterial Pressure to Nerve Stimula- 

lion. ^If we now assume that intrapulmonary pressure changes and the 

position in the respiratory phase at which the lung is immobihsed are 
the only two mechanical factors responsible for passive P.A.p. altera- 
tions then some of the P.A.p. responses to nerve stimulation we have 
obtained are apparently due to vasomotor effects. It has often been 
found that the relation between the P.A.p. and the accompanying 
bronchomotor response does not remain constant throughout an experi- 
ment A description of one of these experiments will suffice to illustrate 
this point. Fig. 6 is a record of the effects of three strong stimulations 
Aticb lastine 30 sec. of the L.C.V.S. nerve which successively gave a 
fafi no change, and a rise of P.A.p. {a, c, e). The fall of P.A.p. to the 
first stimulation appears to be of a permanent nature, a type of response 
we describe in a later paper as not unusual. It is accompanied by a 
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changing response of the pulmonary ganglia which relay the stimulated 
fibres to the periphery. A further interpretation is that the changing 
response of the bronchial muscle itself determines the final effect of nerve 
stimulation. We consider one of the two last mechanisms to be the most 
hkely explanation. 

In the experiments from which figs. 5 and 6 have been taken, 
the left lung had been removed prior to the acute experiment. The 
fact that L.Q.V.S. stimulation causes a moderate bronchoconstrictor 
effect in one (fig. 5, fa) and a weak bronchoconstrictor effect in the 
other experiment (fig. 6, a) indicates that the bronchomotor fibres 
are to some extent crossed. This confirms the results of previous 
workers [Dixon and Ransom, 1912; Braeucker, 1926]. That slight 
bronchodilatation can be produced by a second stimulation of the 
ipselateral C.V.S. nerve, the first stimulation having caused full broncho- 
constriction (fig. 5, c), or by stimulation of the contralateral nerve after 
complete bronchoconstriction had been produced by stimulation of the 
ipselateral nerve, is of interest from one other point of view. Since 
only one lung is present, it rules out the possibility that the broncho- 
dilatation is due to passive distension by bronchoconstriction of the 
opposite lung, this being a potential source of error in the interpretation 
of bronchomotor effects measured by lung plethysmography in the 
entire animal under positive pressure ventilation [see Dixon and Brodie, 
1903; Weber, 1914]. 

Discussion and Conclusions. 

Experimental evidence is produced supporting the view that in 
lungs under “negative” pressure ventilation the passive changes of 
P.A.p. accompanying bronchoconstriction of nervous origin are mainly 
due to changes in intrapulmonary pressure and in the degree of lung 
expansion. Intrapulmonary pressure changes are chiefly responsible 
for the P.A.p. alterations when the bronchoconstriction is sudden and 
complete, their direction being determined by the point in the respira- 
tory cycle at which bronchoconstriction occurs. P.A.p. alterations 
due to partial or slowly produced complete bronchoconstriction are 
mainly due to changes in the degree of expansion of the lungs, which 
in turn determines the resistance of the pulmonary capillaries. In this 
interpretation of the effects of pulmonary nerve stimulation we have 
tentatively ascribed the diminution or cessation of tidal air excursions 
to bronchoconstriction. It may be, however, that the tidal air changes 
are due in part to a stiffening of the whole lung structure caused by 
an increase in the viscance and elastance of the lung tissues, for this 
was the effect of vagal stimulation on the lungs of the cat found by 
Bayliss and Robertson [1939]. If it is eventually found that canine 
lungs exhibit a somewhat similar vagal response, then our interpreta- 
tions will require some revision in that the position in the respiratory 
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P.A.p. The rise of P.A.p. following the third L.C.A^.S. stimulation is 
definite and occurs in the absence of bronchomotor effects, and ue 
have no alternative but to interpret this response as being due to stimula- 
tion of vasomotor fibres. The fact that the third L.C.V.S. stimulation 
caused a rise of P.A.p. may have been due to the administration of 
adrenaline sensitising the peripheral nerve apparatus [see Bum, 1932]; 
this point requires further investigation. There is one other difference 
in the conditions between the first and third L.C.V.S. stimulations 
which requires mention. The systemic circulation blood-pump supplies 
blood to the bronchial vascular system, and if the communicating 
channels between the bronchial and pulmonary vascular systems are 
open, the transfer of blood from the former to the latter is responsible 
for a proportion of 'the pressure in the pulmonary artery [Berry and 
Daly, 1931]. The fall of P.A.p. due to the first L.C.V.S. stimulation 
may therefore have been due to constriction of the bronchial arteries. 
We do not think so, however, because the reduction in systemic arterial 
pressure when the pump was stopped should have caused a fall of P.A.p. 
if the communicating channels had been open. The P.A.p. rise due to 
the tliird L.C.V.S. stimulation could not have been due to dilatation 
of the bronchial arteries leading to an increase of the blood transferred 
to the pulmonary vascular bed for the reason that the systemic blood- 
pump had been stopped. Thus the P.A.p. rise in this case appears to 
have been due to a true pulmonary vasoconstriction. 

The Nature of the Bronchomotor Response to C.V.8. Nerve Stimula- 
tion. — -Stimulation of the caudal end of the C.V.S. nerves almost invari- 
ably produces bronchoconstriction. On a few occasions, however, a 
weak stimulus has caused slight bronchodilatation. Further, it has 
been found that when complete bronchoconstriction follows C.V.S. 
stimulation, a second stimulus of the same strength and duration 
temporarily releases the bronchoconstriction (fig. 5, c). Fig. 6 shows 
a somewhat similar phenomenon. In this experiment the left lung had 
been removed and strong stimulation of the contralateral L.C.V.S. 
caused only a weak bronchoconstriction (a), but when the stimulus 
was repeated (c) subsequent to a complete bronchoconstriction which 
bad been produced by stimulation of the ipselateral R. C.V.S. nerve {b) 
it gave rise to a bronchodilatation. Several interpretations can be 
placed on these results. The C.V.S. nerves may contain bronchodilator 
fibres running in the cervical sympathetic portion as found by Dixon 
and Ransom [1912] and Saioz [1914] in the eserinised cat. Against 
this view are the results of Braeucker [ 1926 ] and of Daly, Elsden, 
Hebb Ludany, and Petrovskaia [1942], who invariably obtained broncho- 
constriction on stimulating the caudal ends of the separated cervical 
vmuathetic nerves in the dog, aneffectwhich was potentiated by eserine. 
^^rnatively, such results as we have obtained, which are similar to those 
f Braeucker [1926] on the dog, may be due, as he has suggested, to the 
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of pulmonary vasomotor responses to nerve stimulation when broncho- 
motor changes also occur. It is true, however, that when nerve stimu- 
lation causes a P.A.p. change, the direction of which is opposite to 
that which may be expected to be produced by a concomitant broncho- 
motor change, it is suggestive of a pulmonary vasomotor response. 

Summary. 

Experiments on isolated perfused lungs and on the perfused whole 
animal preparation under “negative” pressure respiration are described. 
Attempts have been made to evaluate the bronchomotor mechanisms 
responsible for the changes of pulmonary arterial pressure (P.A.p.) 
which occur as a result of stimulation of the caudal end of the cervical 
vagosympathetic nerves (C.V.S.). 

When complete bronchoconstriction occurs, its rate of onset, which 
determines the intrapulraonary pressure change, and the final position 
in the respiratory cycle in which the lungs are immobilised, are the 
main factors in determining the degree and direction of P.A.p. change. 
When partial bronchoconstriction takes place the P.A.p, change is 
chiefly governed by the direction of change of the mean air volume of 
the lungs. 

Evidence is presented in support of the view that the C.V.S. nerves 
contain true pulmonary vasomotor fibres, but their functional activity 
cannot be unequivocally demonstrated by electrical stimulation if 
concomitant bronchomotor effects occur. 

Experiments are described showing that C.V.S. stimulation may 
produce broncho-constriction or -dilatation. The conditions governing 
the type of response have not been evaluated. 

We wish to express our thanks to the Government Grants Committee 
of the Royal Society for defraying the cost of the investigation by a 
grant to one of us (I. de B. D.). 
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cycle in wbicb the lungs are immobilised by vagal stimulation rather 
than changes in intrapulmonary pressure will be the important 
mechanical factor in determining the P.A.p. 

Some of the observed changes of P.A.p. due to pulmonary nerve 
stimulation cannot be accounted for by passive eifects; others take 
place in the absence of any bronchomotor response. We attribute the 
P.A.p. responses in these cases to stimulation of vasomotor fibres to 
the lungs. It is suggested that the vasomotor response which alters 
the P.A.p. may be a direct one on some portion of the pulmonary 
vascular bed, or an indirect one on some part of the bronchial vascular 
system. Daly and Euler [1932] have already shown that the bronchial 
vascular system is supplied with functionally active vasoconstrictor 
fibres. The P.A.p. is in part determined by the amount of blood 
transferred from the systemic circulation to the lesser circulation by 
way of the bronchial vascular system. Theoretically, therefore, con- 
striction of the bronchial arteries should lead to a fall, and dilatation 
to a rise, of P.A.p. AH our observations save one may be attributed 
to vasomotor effects on the bronchial or on the pulmonary vascular 
system. This exceptional observation, of a P.A.p. rise following C.V.S. 
stimulation, caused no bronchomotor effects and was made at a 
time when no blood flowed through the bronchial arteries. This 
suggests that vasoconstrictor fibres to the pulmonary vascular bed 
proper run in the C.V.S. nerves, and supports the earlier work of 
Cavazzani [1891] on isolated lungs perfused through the pulmonary 
artery without bronchial artery perfusion. The results of Daly and 
Euler [1932], however, which demonstrated vasoconstrictor effects of 
nerve stimulation in the absence of bronchomotor responses in lungs 
perfused through both the pulmonary and bronchial arteries, could be 
explained on the basis of true pulmonary vasoconstriction or of dilata- 
' tion of the bronchial vascular system. 

We have considered the possibility that vagal stimulation may 
produce contraction of the interstitial musculature of the lungs [Baltis- 
berger, 1921] and so compress the lungs as a whole, an effect which 
when accompanied by complete broncboconstriction might well raise 
the intra-alveolar pressure and compress the alveolar capillaries. Con- 
traction of the interstitial musculature would undoubtedly alter the 
“hindrance” of the lungs and thereby cause a change in the inspiratory 
and expiratory levels of the tidal tracing. Since P.A.p. responses to 
nerve stimulation have been observed without any effect on the tidal 
air we do not think that in these cases such a mechanism plays any 

^^^'^though we feel that the results of this investigation clarify to 
extent our knowledge concerning bronchomotor effects on the 
^ utoonary arterial pressure, we are of the opinion that the complexity 

the mecham'sms does not allow of the unequivocal demonstration 
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Introduction. 

The blood-perfused entire animal under negative pressure ventilation 
is a preparation in which the conditions are best suited for the 
unequivocal demonstration of pulmonary vasomotor activity. Its 
development in the form to be described in this paper originated in an 
endeavour to eliminate those physiological events which simulate 
pulmonary vasomotor activity but which are necessarily initiated under 
ordinary conditions by stimulation of the mixed nerve trunks in which 
the true pulmonary vasomotor fibres run. These vasomotor fibres 
proceed to the lungs by two main pathways — the cervical vago- 
sympathetic nerves and the upper thoracic sympathetic outflow — and 
it is probable that fibres from both sources run in the thoracic vago- 
sympathetic nerve trunk. Some of the nerve fibres supplying the heart 
and bronchi take a similar course ; thus electrical stimulation of either 
pathway causes concomitant cardiomotor, bronchomotor, and pulmonary 
vasomotor effects. The associated changes in cardiac output and in 
bronchial calibre may simulate lung vasomotor effects by alterations 
in the blood-flow through the lungs and in the resistance of the 
pulmonary vascular bed [Bradford and Dean, 1889; Schafer and Lim, 
1919; Schafer, 1921; Wiggers, 1921; Tigerstedt, 1923; Daly and 
Euler, 1932; Daly, 1933, 1936]. Their elimination is therefore an 
essential condition for the decisive demonstration of lung vasomotor 
activity. 

Cardiac complications can be avoided by employing isolated 
perfused lungs. In such preparations stimulation of the stellate 
ganglion or of the annulus Vieussenii causes pulmonary vasoconstriction 
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Inteoetjction. 

The blood-perfused entire animal under negative pressure ventilation 
is a preparation in Tvhich the conditions are best suited for the 
unequivocal demonstration of pulmonary vasomotor activity. Its 
development in the form to be described in this paper originated in an 
endeavour to eliminate those physiological events which simulate 
pulmonary vasomotor activity but which are necessarily initiated under 
ordinary conditions by stimulation of the mixed nerve trunks in which 
the true pulmonary vasomotor fibres run. These vasomotor fibres 
proceed to the lungs by two main pathways — the cervical vago- 
sympathetic nerves and the upper thoracic sympathetic outflow — and 
it is probable that fibres from both sources run in the thoracic vago- 
sympathetic nerve trunk. Some of the nerve fibres supplying the heart 
and bronchi take a similar course; thus electrical stimulation of either 
pathway causes concomitant cardiomotor, bronchomotor, and pulmonary 
vasomotor effects. The associated changes in cardiac output and in 
bronchial calibre may simulate lung vasomotor effects by alterations 
in the blood-flow through the lungs and in the resistance of the 
pulmonary vascular bed [Bradford and Dean, 1889; Schafer and Lim, 
1919; Schafer, 1921; Wiggers, 1921; Tigerstedt, 1923; Daly and 
Euler, 1932; Daly, 1933, 1936]. Their elimination is therefore an 
essential condition for the decisive demonstration of lung vasomotor 
activity. 

Cardiac complications can be avoided by emplojdng isolated 
perfused lungs. In such preparations stimulation of the stellate 
ganglion or of the annulus Yisussenii causes pulmonary vasoconstriction 
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in the dog [Plumier, 1904], and weak constriction or dilatation in tho 
cat [Tribe, 1914; Le Blanc and van Wijngaarden, 1924]. Excitation 
of the cervical vagus causes vasoconstriction in the rabbit [Cavazzani, 
1891; Euler, 1932] and dilatation followed by constriction in the cat 
[Le Blanc and van Wijngaarden, 1924]. Stimulation of the cervical 
vagosympathetic trunk in the dog causes dilatation, and of the cervical 
sympathetic in the rabbit dilatation also [Cavazzani, 1891], 

The main disadvantages of isolated perfused lung preparations are 
that the responses to vasomotor nerve stimulation even in fresh 
preparations are somewhat weak and can be obtained only for short 
periods. By additional perfusion of the bronchial vascular system 
to maintain viability of the bronchial muscles and intrinsic pulmonary 
nerve structures, Daly and Euler [1932] succeeded in obtaining a 
30-70 per cent, increase of pulmonary arterial pressure by stimulation 
of the stellate ganglion. Excitation of the cervical vagosympathetic 
nerves produced only small changes of pulmonary arterial pressure. 
This result may have been due to loss of excitability of the stimulated 
portion of the nerve trunks since the blood-vessels to this region were 
not perfused. At that time it seemed evident that the only hope of 
investigating the function of these nerves under controlled conditions 
was to resort to perfusion of the entire animal and thus maintain the 
blood-supply to all the nerve pathways concerned. Preparations of 
this kind have been made by Dale [1928 a], Gibbs [1930], and Daly, 
Ludany, Todd, and Verney [1937], but detailed information of the 
general condition of the animal and of the state of the blood during 
perfusion was not published. 

Genbbai, Consideeatioss. 

In plaiming our method of perfusion of the entire animal our aim 
was to ensure that recorded changes in pulmonary arterial pressure 
were due solely to the effects of pulmonary vasomotor nerve excitation. 
For the demonstration of such effects we considered that the following 
criteria must be fulfilled; 

(1) Constant Systemic Arterial Pressure . — The pulmonary arterial 
pressure is in part determined by the quantity of blood 
transferred from the bronchial vascular system to the pul- 
monary circulation by way of the lung capillaries common 
to both systems. Thus a rise of pressure in the aorta and 
therefore in the bronchial arteries increases the quantity of 
blood so transferred and leads to an increase of pulmonary 
arterial pressure [Berry and Daly, 1931], If the systemic 
pressure is constant, however, the transfer of blood is also 
constant provided the resistance of the bronchial vascular 
bed does not alter. 
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(2) Constant Injloiv of Blood to the Lungs.— This condition, satisfied 

by perfusion of the lungs through the pulmonary artery, 
eliminates any change in pulmonary arterial pressure due to 
a simple change in inflow to the right ventricle. A separate 
motor for each blood-pump should be provided in order to 
prevent a change in load on one pump affecting the other. 

(3) Constant Pressure in the Bight and Left Auricles. — ^There is 

evidence that auricular pressure changes reflexly influence 
the resistance of the lesser circulation [Paly, Ludany, Todd, 
and Verney, 1937]. In our experiments this potential source 
of error was excluded by allowing the blood to flow freely 
from both auricles. 

(4) Negative Pressure Ventilation. — ^This method of lung ventilation 

not only more nearly approaches the normal than positive 
pressure inflation, but also maintains the lungs in better 
condition. 

(5) The Maintenance of the Functional Integrity of the Pulmonary 

Nerves. — Although systemic perfusion will give an adequate 
blood-supply to the nerves, the usual method of fixing the 
cannula in the pulmonary artery with a ligature will lead to 
damage of the pulmonary plexus and of the glomus pulmonum 
[Penitschka, 1931; Nonidez, 1935, 1936]. This is overcome 
by the insertion into the artery of a cannula fitted with an 
inflatable rubber sleeve to hold it in position [Morawitz and 
Zahn, 1912]. 

(G) (Esophageal Movements as a Potential Source of Pulmonary 
Arterial Changes. — Contractions of the oesophagus are caused 
by stimulation of the cervical vagus and may also occur 
spontaneously. Since it has been alleged that these move- 
ments may displace air from the lungs [Rugenberg, 1863; 
Gerlach, 1876; Beer, 1892; Grossmann, 1907], it is conceivable 
they might also change the pulmonary arterial pressure. It 
is therefore advisable to record oesophageal activity. In our 
experiments this was done by means of a rubber balloon 
inserted in the oesophagus as far as the level of the tracheal 
bifurcation. 

(7) The Separation of the Bronchomotor from Vasomotor Effects on 
the Pulmonary Pressure. — Ever since de Jager [1885] showed 
that the pulmonary arterial pressure and blood-flow are in 
part dependent upon the intrapulmonary air pressure, it has 
been recognised that when stimulation of the pulmonary 
nerves causes changes both in bronchial calibre and in 
pulmonary arterial pressure, the latter effect is not necessarily 
due to excitation of pulmonary vasomotor nerve-fibres. It 
has been shown, however, in the dog [Daly and Euler, 1932] 
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in the dog [Plumier, 1904], and weak constriction or dilatation in the 
cat [Tribe, 1914; Le Blanc and van Wijngaarden, 1924]. Excitation 
of the cervical vagus causes vasoconstriction in the rabbit [Cavazzani, 
1891; Euler, 1932] and dilatation followed by constriction in the cat 
[Le Blanc and van Wijngaarden, 1924], Stimulation of the cervical 
vagosympathetic trunk in the dog causes dilatation, and of the cervical 
sympathetic in the rabbit dilatation also [Cavazzani, 1891]. 

The main disadvantages of isolated perfused lung preparations are 
that the responses to vasomotor nerve stimulation even in fresh 
preparations are somewhat weak and can be obtained only for short 
periods. By additional perfusion of the bronchial vascular system 
to maintain viability of the bronchial muscles and intrinsic pulmonarj’ 
nerve structures, Daly and Euler [1932] succeeded in obtaining a 
30-70 per cent, increase of pulmonary arterial pressure by stimulation 
of the stellate ganglion. Excitation of the cervical vagosympathetic 
nerves produced only small changes of pulmonary arterial pressure. 
This result may have been due to loss of excitabihty of the stimulated 
portion of the nerve trunks since the blood-vessels to this region were 
not perfused. At that time it seemed evident that the only hope of 
investigating the function of these nerves under controlled conditions 
was to resort to perfusion of the entire animal and thus maintain the 
blood-supply to all the nerve pathways concerned. Preparations of 
this kind have been made by Dale [1928 c], Gibbs [1930], and Daly, 
Ludany, Todd, and Verney [1937], but detailed information of the 
general condition of the animal and of the state of the blood dtuing 
perfusion was not published. 

Genebau Considebations. 

In planning our method of perfusion of the entire animal our aim 
was to ensure that recorded changes in pulmonary arterial pressure 
were due solely to the effects of pulmonary vasomotor nerve excitation. 
For the demonstration of such effects we considered that the following 
criteria must be fulfilled : — 

(1) Constant Systemic Arterial Pressure . — The pulmonary arterial 
pressure is in part determined by the quantity of blood 
transferred from the bronchial vascular system to the pul- 
monary circulation by way of the lung capillaries common 
to both systems. Thus a rise of pressure in the aorta and 
therefore in the broncliial arteries increases the quantity of 
blood so transferred and leads to an increase of pulmonary 
arterial pressure [Berry and Daly, 1931]. If the systemic 
pressure is constant, how'ever, the transfer of blood is also 
constant provided the resistance of the bronchial vascular 
bed does not alter. 
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other method was to give initial intravenous injections of chloralose 
or chloralosane (0-05-0-1 g./kg- body-weight, sometimes mixed with 
urethane) and follow this with cyclopropane. In both methods the 
deep anaesthesia necessary for extensive surgical manipulation was 
not obtained until some cyclopropane had been administered; while 
for the rest of the experiment, as the effects of the initial anaesthetic 
became progressively less, the degree of anaesthesia depended entirely 
upon the amount of cyclopropane given. The method by which this 
could be adjusted is discussed in detail later. We are greatly indebted 
to Dr. J. Gillies for advice on cyclopropane anaesthesia. 


Method. 

Perfusion Apparatus and Operative Procedures . — ^The description 
which follows of the procedure for making the perfused preparation 



Fig. 1. — Apparatus showing operating tray (C.T.) and position of respiratory 
chamber (R.C.) during preliminary procedures. The lettering in this figure 
and in fig. 2 correspond. The switchboard controlling heating, lighting, and 
motors is shown at S.W. 

is of the one finally adopted. The earlier experiments differed from it 
not only in the order of the operations but in tbe form of apparatus 
used, and when important these differences will be referred to in 
describing specific experiments. 

One, two, or three dogs are bled to death from the femoral artery 
under local ansesthesia, and the blood ( 14 — 2 ^- litres), after being rendered 
incoagulable, is kept at 37° C. For the test animal a dog of 3-10 kg. 
is selected, an animal of about 6 kg. being preferable with the apparatus 
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that pulmonary vasomotor effects may occur -without any 
change in bronchial resistance. In the guinea-pig, the 
bronchial response to nerve stimulation may be so strong 
that it masks any vasomotor effect that may be present 
[Petrovskaia, 1939], Under certain conditions, even in this 
animal, separation of bronchial and vasomotor effects is 
possible [Dale and Narayana, 1936; Hebb, 1940]. Success 
in this respect is generally obtained after all bronchomotor 
responses have failed. 

The effects of bronchial calibre changes on the pulmonary 
arterial pressure in lungs under negative pressure ventilation 
have been discussed in the previous paper, and we propose 
to confine the present to a description of vasomotor responses 
which were uncomplicated by bronchomotor effects, or of 
which the bronchomotor accompaniments were minimal. It 
is true that the vasomotor responses obtained in many of our 
experiments were complicated by concomitant bronchial 
changes, but in some it was possible, by grading the strength 
of nerve stimulation, to obtain vasomotor responses in the 
absence of any tidal air change. Indeed in a few experiments 
the strongest stimulation failed to affect the bronchi while it 
still produced a definite vasomotor response. 

Three other conditions we deemed essential for a successful 
perfusion: the first, that the animal should remain alive during 
perfusion and should not suffer from anoxia during the change over 
from the normal blood circulation to the perfused circulation; the 
second, that the state of the perfused blood should approach normal; 
and the third, that the depth of anaesthesia should be under control 
throughout the experiment. In the first of these aims we were 
successful, as will be shown ; in the second, however, the necessity for 
using an anticoagulant imposed conditions the true significance of 
which in respect of our own results we are unable to assess. 

With regard to the control of anaesthesia, our need was to find a 
method by which we could ensure deep anaesthesia during the pre- 
liminary surgical procedures and yet be able to maintain a lighter 
degree of anaesthesia during the perfusion period when the nerve 
responses were being tested. With intravenous methods the depth 
of anesthesia cannot be readily adjusted, while in our experience 
chloroform or ether administered over long periods produces effects on 
the lungs which are incompatible with good experimental conditions. 
After trials of various methods we found two which gave satisfactory 
results' in one we used induction m'th ether most of which was 
subsequently blown off by the animal, and then followed this ^vith 
cyclopropane admission into a closed circuit respiratory system. Our 
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electric motor, m, is shown by the arrows. A closed- circuit respiratory 
system is thus formed, in which the air circulator effects adequate 
absorption of carbon dioxide by the soda-lime. A continuous inflow 
of oxygen from a 50-litre bag, P, adjusted by the needle valve, /, 
replaces the oxygen consumed by the animal. In fig. 2 the tube 
connecting the trachea with tap T" is shown, for the sake of clearness, 
passing through the side of the respiratory chamber. In practice it 
passes through the end plate XY at y (fig. 1), and is as short as possible 
so that there wifi, not be too large a dead space. 

Artificial respiration having been established, the motor driving 
the “Ideal” respiration pump is switched off and the large bore tap T" 
turned 90° in a clockwise direction to enable the animal to blow off 
most of the ether. When it is evident that the animal is becorfiing 
less deeply anaesthetised the tap is turned back, the “Ideal” pump is 
started up and surgical anaesthesia obtained by the admission of cyclo- 
propane from the cylinder (Cy). The amount of cyclopropane admitted 
is measured by a simple water-displacement device. In the event of 
an excess of cyclopropane being added, the gas mixture in the circuit 
can be diluted with oxygen after the rrithdrawal of gas by means of 
the piston in the brass cylinder, G, of 1 litre capacity. This piston, 
actuated hy turning the handle, g, also serves to expel the explosive 
gas mixture from the cylinder to the outer atmosphere when the 
stopcock t' has been turned 90° in a clockwise direction. Thus the 
whole operation of dilution is accomplished in less than a minute and 
can be repeated whenever necessary. The gas expelled from the 
cylinder is led outside the window of the laboratory to safeguard against 
explosions. 

When the desired depth of ansesthesia has been attained the thorax 
is opened by splitting the sternum, the anticoagulant being injected 
into the femoral vein and cannulse inserted into the cephalic ends of 
both femoral arteries and into the right and left auricles. The rubber 
tubes connecting these cannulse to the perfusion pump are occluded. 
At this stage the cervical vagosympathetic nerves and the stellate 
ganglia are exposed for the later application of the stimulating 
electrodes. The two blood reservoirs (VR =pulmonary pump reservoir; 
V'R'= systemic pump reservoir), each of length 25 cm., diameter 
6 cm., and capacity 700 c.c., and the two Dale and Schuster [1928] 
pumps, P, P', are then filled with blood. A Bayliss and Muller [1928] 
roller pump (R.P.) delivering approximately 600 c.c. per minute is set 
in motion for the purpose of circulating blood from the reservoir VR 
through a filter {h), and thence through a Hooker [1915] and Drinker 
[1922] type of oxygenator (Ox) to the reservoir V'R', whence any excess 
spills over into the reservoir VR. The oxygenator is fed with oxygen gas, 
sometimes with the admixture of carbon dioxide. The concentrations 
of carbon dioxide used were 7 or 10 per cent, as required. The filter li 
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we have nsed. The animal, anaesthetised with ether or chloralosane, 
is placed on an electrically heated copper tray (fig. 1, C.T.), a tracheal 
cannula is inserted and the lungs are rhythmically inflated with a 
Starling “Ideal” respiratory pump [Starling, 1926]. This pump, 
A (fig. 2), delivers oxygen from the bag, B, to the lungs through the 



2. — Diagram of perfused ■svhole animal vnth negative pressure ventilation. 

A = Starling “Ideal” respiration pump; B =rubber bag; C and D = soda-lime 
chambers; Ca = compressed air supply; CL = heart clamp; Cy = cyclopropane 
cylinder; E = air circulator driven by motor (m); E.A.G. =strmg galvanometer 
for electroBuriculogram; el = stimulating electrode connections; F,/ = 50-htre 
gas bag and needle valve; G=cyhnder of adjustable capacity by rotation of g; 

I =blood filter; H=piston recorder; L=iivater-volum6 recorder; N= vacuum 
cleaner; Ox = oxygenator; P.A.p. = pulmonary arterial pressure manomotor; 
p p'==Eale and Schuster blood pumps; Q = poppet-valve; R= escape valve; 
BC= respiratory chamber; R.P. =roUer pump; S = steam kettle; S.B.P. =Hg. 
manometer; Sp =spirometer: T, T', T', f, 1' =taps; t° = thermometers ; VB = 
pulmonary pump reservoir; V'R' =syBtemic pump reservoir; XY=ond-pIate 
of respiratory chamber. 

wide bore tap, T, which is turned 90° in a clockwise direction from 
the position shown in the figure. During the suction stroke of pump A, 
when the pump cylinder is being filled with oxygen from bag B, the 
I nss collapse by virtue of their own elasticity and the expired gases 
ass through the soda -lime containers C and D back to the pump A: 
+Vi tan T' at this stage of the experiment is 90° anticlockwise from the 
^'tion shown, and the tap t leading to the spirometer (Sp) is closed. 
The direction of gas-flow, aided by an air circulator. E, driven by an 
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consists of 100-150 jx mesh muslin (when dry) with an area of 30 sq. cm. 
Nearly full saturation with, oxygen of the blood in the reservoir V'R' 
is achieved, and with the COg mixtures -the' COj content of the blood 
reaches 60 vols. per cent. The .pump P' is then set going and the blood 
from V'R' fed to the systemic circulation of the animal through the 
femoral arteries, the artery, forceps on the tubing' of the right' auricular 
canmila having been removed. The blood returns from the right 
auricle to the' reservoir VR to be once more- oxygenated. During this 
stage the* heart is -still .beating, strongly^ and the blood-pressure is 
maintained, between' 100 a-nd 160 mm. Hg by adjusting the output of 
the pump P'. • . , ... 

Perfusion of the systemic circulation having been established, an 
incisio'n is made in>the right ventricle, and a cannula (fig. 3), connected 
to. the' output of pump P, is passed through the opening into, the 
pulmonary artery. This cannula is similar in design to a Morawitz 
and Zahn [1912] coronary sinus cannula, its peripheral end being 
covered by a rubber sleeve, inflation of which with compressed air 
supplied through the tube Ca firmly locates the opening of the cannula 
in the proximal end of the pulmonary artery. A specially designed 
heart clamp (CL, figs. 2 and 3) is then applied round the ventricles 
below the auriculo-ventricular junction; this compresses the ventricle 
musculature firmly round the P.A. cannula, putting both ventricles 
out of action and preventing any amicular blood reaching their cavities. 
Care is taken to ensure that the clamp does not interfere with the 
blood reaching the auricles. During the short time necessary for 
insertion of the P.A. cannula the output of the systemic pump P' is 
adjusted so 'that the systemic blood-pressure is maintained at a high 
level. The insertion of the cannula and adjustment of the clamp take 
30-120 seconds (fig. 4). 

The pump P for perfusion of the lungs is started up after removal 
of the clamp on the tubing of the left auricular cannula, and the 
oxygenated blood from the left auricle collected in the reservoir V'R' 
to Toi-y with the oxygenated blood from the oxygenator (Ox). The 
blood now entering the lungs generally causes some pulmonary vaso- 
constriction, which is gradually relieved as the blood recirculates 
(see fig. 7). Ill order to prevent damage to the lungs at this time 
the initial output of pump P is kept low, but as the vasoconstriction 
wears off it is increased. The systemic arterial pressure and pulmonary 
arterial pressure (P.A.p.) levels are maintained at 120-180 mm. Hg. 
and 25-40 cm. saline respectively by adjustment of the pumps. Gener- 
ally the pulmonary flow is somewhat smaller than the systemic, since 
there is some residual pulmonary vasoconstriction. 

As soon as both artificial blood circulations are satisfactorily 
„o<-nt,Ushed the main portion of the respiratory chamber (R.C.) is run 
up on rails to be fixed by four butterfly nuts to the end-plate XY (fig. 1). 
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' • * . • ^ . 

Thus the animal lies totally enclosed in. the chamber, except that the 
top is still open. Electrodes -are then placed oh the. nerves to be 
stimulated; A fine hook is attached to the chest wall from which a 
.thread passes through a 'hole inch in dia,meter to a piston recorder 
(H,-fig. 2) cpnnected by air transmission to 'a. water .volume recorder (L) 
‘for the purpose of registering respiratory efforts. , ■ 

The auricles keep beating, «nce their blood-supply is intact (fig. 5). 

The wires from the .stimulating electrodes , pass to .-fittings located in 

*^ * ** • .' 





Itl I. . , ^ . .... t.. - t IJ-X ■ L. . ■ 


Fiq. 4. — Expt. 61. Dog, $, 4-7 kg. Chloralose-cyclopropane. At the begin- 
ning of the tracing the systemic arterial pressure is tnointnined by the animal’s 
heart and by the output of tlje systemic pump. During the insertion of the 
pulmonary arterial cannula and clamping of the heart (between arrows) the 
systemic output of the pump is adjusted to maintain the blood-pressure. 


rubhet bungs wMcb are inserted in the wall of the chamber. The 
wires carrying the stimulating current axe connected to these by means 
of banana plugs (el). Respiration and auricular frequency have not 
been recorded in aU the experiments. The auricular frequency is 
registered by means of a string galvanometer (E.A.G.) which records 
the electroauriculogram. 

The animal is now switched over from positive pressure lung 
inflation to negative pressure respiration. To do this the top of the 
respiratory chamber is covered with a sheet of plate-glass, and the 
joint is made air-tight with a high melting-point vaseline. The Vaotrio 
vacuum cleaner (N), for continuously exhausting air from the chamber, 
and the motor driving the variable cam poppet-valve (Q) [Daly and 
Thorpe, 1930] for intermittently letting air into the chamber, are 
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[Plate I. 



Fig. 3. Tiro sizes of puImonar 3 ' arterial cannulai and of heart clamps, x J. 


! 

1 

' <4 O 



Fig. 3. — Badiograph. Cannula and heart clamp m position in heart, the 
coronarj’ \essels of tshich uere injected with 40 per cent BaSOj + 124 per cent 
gelatin. A cuclet of wire stitched to the siuo-auiicular node is shonn m a 
(top left) and m b (partlj- coienng shadou of cannula tip) The toronaij 
' ^ arterial A essel to the s-o node IS uell shoun in «. 

a =antcro-postenor a icaa . b ^lateral a icav . 


■p'TSDE't Hebb. LudjCxy, and Petboa skai a, “Bronchoinotor and Pulmonarj 

®^VasomotoVActiAity.” 
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copper wire wound on an iron core of inch diameter, and a secondary 
of 7500 turns of 38 S.W.G.; the primary was fed from a 4-volt 
accumulator. The frequency of stimulation has ranged between 60 
and 80 per second. In others, the same primary and secondary coils 
have been used with a frequency of 38-5/sec. intermittently applied, 



Fig. 6 . — Expts. 19, 24 and 25. Dogs, P.W.A., N.P.V. Respiratory move- 
ments of the ribs. T.A.= tidal air (due to negative pressure ventilation), 
P.A.p, =pulmonary arterial pressure, and B.P. =systemic blood-pressure of per- 
fused •whole animal. Phrenic nerves intact in bU experiments. 

In Expt. 19 stimulation of the caudal ends of both cervical vagosympathetic 
nerves causes a rise of pulmonary arterial pressure and bronchoconstnotion. 

P.W.A. =p6rfusion of whole animal; N.P.V. ^negative pressure ventilation. 

In all figures, a downward excursion of the T.A. tracing indicates lung expansion. 

the ratio of period of stimulation to period of intermission being 5 to 1, 
4 to 1, 2 to 1, or 1 to 1. The stimulating electrodes consist of platinum- 
wire hooks inserted into a piece of rubber tubing 2 cm. in length slit 
longitudinally, which serves to guard the electrodes from the surrounding 
tissues. 

In the dog the separation of the cervical sympathetic from the 
cervical vagus requires careful dissection if the functional integrity of 
the nerves is to be preserved. Provided the operation is not carried 
out hurriedly success is usually attained, although no doubt the 
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switched on. At the same time the motor driving the “Ideal” respira- 
tion pump (A) is switched off, and the large bore taps T, T' and t are 
rotated into the positions shown in fig. 2. The switches and taps are 
so arranged that these operations can be carried out in a few seconds. 
An adjustable screw-clip on a wide bore rubber tubing (R) controls 
the amount of air leaking into the chamber, and thus regulates the 
depth of respiration. Steam is passed into the chamber, the amount 
being controlled by an electric heater (S). The draught of air through 
the chamber causes rapid condensation of the steam, and thus serves 
to keep the lung surfaces moist wdthout danger of overheating them. 
The tidal air is recorded on the kjnnograph paper by the spirometer (Sp). 

The tray on which the animal lies is electrically heated with carbon 
lamps. These lamps also keep the main chamber warm after it has 
been located on the end piece XY. A separate group of heaters is 
used for warming the main chamber during the preliminary stages of 
the operation. A bank of 18 iron-clad switches (SW, fig. 1) controls 
the lighting, heating, and motor gear, thus eliminating the danger 
which sparking at swdtch contacts might cause in the event of an escape 
of cyclopropane outside the closed air-circuit system. The soda-lime 
is in two containers (C, D, fig. 2), which present approximately equal 
resistance to the air current produced by the air circulator (E). The 
spirometer (Sp) is connected to the air output of one container and the 
input of the other, the air circulator being situated between the two 
remaining airways. This system is adopted to ensure a well-balanced 
spirometer. 

The blood used for perfusion is rendered incoagulable either 
by whipping or by the addition of heparin (Jorpes, 

10—17 mg./lOO c.c. blood); and the use of such blood has probably 
been the main reason for the production of the abnormal background 
of some of the preparations. The improved arrangements of perfusion 
and the increasing ease with which the preparations have been made as 
the investigation progressed militate against a satisfactory comparison 
being made of the relative merits of the two perfusates. We have 
gained the impression, however, that the use of heparin is preferable 
to defibrinating the blood. In a few preparations, both “vasotonins” 
[Janeway, Richardson and Park, 1918; Eichholtz and Verney, 1924] 
and “bronchotonins” [Daly, 1938] w^ere conspicuous by their absence. 

The necessity for careful blood filtration in perfusion experiments 
has been shown by Anrep and Hausler [1928], Daly and Thorpe [1933], 
Evans, Grande and Hsu [1934], and Rogue and Gregory [1939]. We 
therefore filter the blood several times after collection from the donors 
and insert a filter in the perfusion apparatus. 

Prevaraiion of Nerves for Stiimdation . — In some experiments the 
nerves have been stimulated by means of an induction coil (C. F. 
P Imer & Co.) which consists of a primary of 300 turns of 20 S.W.G. 
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preparation for perfusion, which was not, however, carried out in this 
experiment. Ansesthesia consisted of ether induction alone, which was 
deeper than that usually practised, and consequently it was not 
necessary to add any cyclopropane or more ether once the animal 
had been connected to the closed circuit respiratory system. Table I. 
shows the course of the experiment. The Os consumption was measured 
by the slope of the T.A. tracing — the 0™ to the closed circuit system 
being cut off temporarily during each measurement (see fig. 20, d), A 
second experiment gave similar results. The air circulator and removal 
of carbon dioxide by the soda-lime were therefore efficient. 

General Course of Perfusion Experiments . — Forty experiments were 
performed in which stimulation of the pulmonary nerves or drug 
injections caused changes in the lungs. In the first 23 experiments 
the lungs were not shunted by an oxygenator, and there is no doubt 
that in these some degree of anoxia and COj retention was present, 
especially when bronchoconstriction resulted from the nerve stimula- 
tions. Further, the expansion of the lungs under negative pressure 
ventilation was frequently inadequate, due, we suspect, to the use of 
defibrinated blood as the perfusate. In the remaining 17 experiments 
the oxygenator was in circuit, and in 3 of these heparin was used as 
an anticoagulant. The presence of the oxygenator gave us a separate 
control of the blood Oj and CO* content irrespective of the state of 
the lungs. Moreover, when this series was started major difficulties 
in technique had already been overcome, and the success attending the 
experiments was partly due to this factor. In 6 of these gas analyses 
of the blood were made, and showed good oxygenation of the blood 
perfusing the systemic circulation in 3 experiments and a CO 2 content 
above 45 vols. per cent, in 4 experiments. Some preparations therefore 
were working under anoxic and/or acapnic conditions. Although we 
achieved success in keeping the gaseous content of the blood within 
normal limits in our later experiments (see fig. 9), we should mention 
that in the majority of the earlier experiments this was probably not so. 

Respiratory centre activity persisted up to 3 hours of perfusion in 
some experiments, even when no oxygenator was present in the circuit. 
In others it failed as soon as the perfusion was started, probably in 
part due to the low COj content of the reservoir blood which had not 
circulated through the animal. Evidence that this was so was provided 
by some later experiments in which the difficulty was apparently 
overcome by passing the reservoir blood through the “oxygenator” 
fed with Og and 6 per cent, or 10 per cent. COg just before perfusion 
was started. It often happened too that irregular respiratory rh 3 rthm 
or apncea appeared temporarily (fig. 7). In yet other experiments 
respiratory activity would cease quite early on in the perfusion and fail 
to reappear. The elucidation of these changes will require continuous 
blood gas sampling. 
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function of tbe nerves is impaired. In the earlier experiments the 
fibres, once separated, were stimulated with a weak current and the 
separation confirmed by observation of the effects upon the eye and 
heart. Stimulation of the cephalic end of the C.S. nerves causes 
dilatation of the pupil, -retraction of the nictitating membrane and 
widening of the palpebral fissure. Later in the investigation the tests 
were not always- done, as the experience of past experiments enabled 
us to recognise the two separate nerve bundles by their characteristic 
appearance. In most of the dissections fibres passing between the two 
nerve bundles had to be cut. 

Stimulation of the stellate ganglion is carried out by placing the 
electrodes directly on the ganglion itself, its coimections with the spinal 
nerves and thoracic sympathetic chain being usually cut but sometimes 
left intact. 

In many experiments one or both of the phrenic nerves have been 
cut in order to prevent alterations in the mean air volume of the lungs 
caused by diaphragmatic movements due to the animal’s respiratory 
efforts (fig. 6). Even when both phrenic nerves are cut, vigorous 
respiratory efforts on occasion cause sufficient movement of the thoracic 
walls to displace some air into and from the lungs. These movements 
produce slight alterations in the tidal air tracing. 


Results. 

Closed Circuit Respiratory System . — This was tested separately in 
an animal under negative pressure ventilation and connected to the 
closed circuit respiratory system, the thorax being opened as if in 


Table I. 


D.H. 17. Dog, $, 9’9 kg. Morphine sulphate 16 mg. Ether. Natural circulation. 
Test of closed circuit respiratory system. Thorax opened ; negative pressure 
ventilation. 


Time. 

H.F. 
per min. 

B.P. 

mm. Hg. 

Respiration 
per min. 

O 2 cons, 
c.c./min. 

11.20 a.m. 

11.21 a.m. 

12.40 p.m. 

12.67 p.m. 

1.06 p.m. 

1.44 pJB. 

1.68 p.m. 

3.07 p.m. 

3.41 p.m. 

176 

Thorax 

200 

168 

144 

opened. Posit 
100 

Negative press 
107 

100 

95 

96 

90 

16 

ve pressure ver 
(11) 

ure ventilation. 

( 9 ) 

(16) 

(11) 

(16) 

(14) 

itilation. 

69 

75 


— frequOTCy of heart-beat. The figures in brackets indicate the frequency 
^ g^jj.^tory efiorts after the thorax hod been opened and lung ventilation 

artificiW maintained. 
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Fio. 8. — Expt. 45. Dog, 9-6 kg. P.W.A., N.P.V. Chloralosane. 
Oxygenator in circuit. Eleotroauriculogram (E.A.G.) taken, _ 62', 114' and 123' 
after start of perfusion. The larger waves 123' after perfusion are due to dis- 
placement of the limgs during ventilation. The smaller waves marked with a 
cross are due to auricular beats. 

D.E.H. 46/2. Dog, $, 3'4 kg, P.W.A., N.P.V. Chloralosane-oyclopropane. 
Oxygenator in circuit. E.A.G. 34' and 109' after start of perfusion; the latter 
taken at commencement of stimulation of caudal ends of C.V.S. 

Time and ^ sec. 


Table II. — Perfusion Blood-flows in Dogs under Negative 
Pressure Ventilation. 


Expt. 

Body-wt., 

kg- 

B.P., 
mm. Hg. 

P.A.p., 
cm. sal. 

Systemic 

flow, 

c.c./min./kg. 

Pulmonary 

flow, 

o.c./mm./kg. 

Blood. 

35 

6-9 

135 

22 

47 

31 

D.B. 

41 

8-7 

240 

20 

76 

69 

D.B. 

42o 

9-2 

105 

29 

78 

33 

D.B. 

426 

9-2 

125 

42 

50 

20 

D.B. 

43a 

6-9 

115 

22 

28 

54 

D.B. 

436 

6-9 

160 

20 

71 

69 

D.B. 

45 

9-6 

150 

27 

40 

43 

D.B. 

46 

3-4 

115 

34 

85 

35 

D.B. 

48 

6-5 

110 

20 

80 

102 

D.B. 

49 

6-0 

140 

33 

63 

63 

H.B. 

50 

8-7 

70 

16 

87 

46 

H.B. 


D.B. — defibrinated blood; H.B. =heparinised blood. 
VOL. XXXI., NO. 3.— 1942. 
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The auricles generally continued to beat for 1-3 hours after the start 
of perfusion, and responded by slowing or stopping to stimulation of 



Fio. 7. — ^Expt. 43. Dog, $, 6-8 kg. P.W.A., N.P.V. Oxygenator in circuit. 
Ether-ohloralosane-oyolopropane. Phrenic nerves cut. Stellate ganglia and 
thoracic sympathetic chains intact. 

From above downwards; mean pulmonary arterial pressure; limits of 
systemic arterial pressure and of respiratory frequency and the gaseous mixture 
supplied to the oxygenator. 

N.P.V. = Negative pressure ventilation. 

the peripheral end of the C.V.S. (cervical vagosympathetic) or C.V. 
(cervical vagns) nerves (fig. 8). 

Measurements of the outflowing blood from the right and left 
auricles in 9 experiments are given in Table II. They are only approxi- 
mate, the measurements being made simply by allotving the auricular 
blood to drain into a measuring cylinder for periods of 5 seconds or 10 
seconds and are probably subject to an error of ± 16 per cent. The flows 
given are on the low side, which is surprising in view of the fact that 
the recorded systemic blood-pressures are mostly within normal limits; 
the ptdmonary pressures, however, tend to be on the high side, although 
at the time the flow through the lungs was deliberately kept low in 
order to prevent damage to the blood-vessels and the onset of lung 
oedema. 

The minute volume for the blood-flow of the unansesthetised dog 
is given by Marshall [1926] as 130 c.c./min./kg. (mean of 5 animals). 
The presence of vasotonins in the preserved blood may be responsible 
for the low flows in our experiments. 

j)r 0 A. Trowell kindly carried out a histological examination 
f the liver spleen, kidney, intestine, suprarenals, skeletal muscle, and 
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the anoxic and well-oxygenated preparations, as well as in the liyper- 
and hypo-capnic preparations; it ranged from 6’76 to 7-40. 
Ansesthetics might have some responsibility for this, as it has been 
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Fig. 9, A — E\pt. 46. Dog, 5, 3-4 kg. P.W.A., N.P.V. Chloralosane- 
cyclopropane. Both phrenic and both C.V.S. nerves cut; thoracic sympathetic 
nerves mtact- Dpper left half of graph shows change of pH, O, and CO„ content 
of incubated deSbrmated blood of two donor dogs (Dl, D2) durmg the tune the 
test animal was being prepared for perfiMion. Upper right half shows blood 
changes durmg 2J hours’ perfusion with donors’ and test animal’s blood. 
Perfusion started at 3i hours Respiratory centre inactive durmg perfusion. 

The R A. (right auricle) + oxygenated blood was taken for analysis from the 
pulmonary pump reservoir (left-hand reservoir, mset diagram). The arterial 
blood sample was taken from the systemic pump reservoir (right-hand reservoir). 

The relative positions of the reservoirs are drawn revoresd m this 6gure ns 
compared with fig. 2. An. mdioates pomt in time when amesthetic was given 

to test animal. 

l..A.=left auncle. Systemic blood-flow 298 c.c./min.; pulmonary flow 
120 c c./ram. Oxygenator pump blood.flow = 500-600 c.o./min. Oxygenator 
fed with 99 per cent. O.. 

Fig. 9, B.— Expt. 51. Dog, $, 4-6 kg. P.W.A.. N.P.V. Chloralose- 
cyclopropane. Left thoracic sympathethic chain and stellate ganglion removed 
71 days previously. Eight lung and right thoracic sympathetic chain with stellate 
ganglion removed 48 days previously. R. phremc nerve and both C.V.S. nerves 
cut. L. phrenic nerve intact. Similar type of experiment to Expt. 46 except 
that oxygenator was fed with 90 per cent. O. + 10 per cent. COj. Perfusion 
started at hours The blood from B A. was taken from R A. tube entermg 
left-hand reservoir (inset). The donors’ blood was heparmised. 

shown that cyclopropane may diminish the blood pH [Fay, Andersch 
and Kenyon, 1939] though ether apparently does not do so [Wunsche, 
1937], Yoshimura [1936] reported that heparin (l-O per cent.) has no 
influence on the pH of shed blood, and it appears unlikely therefore 
that this anticoagulant caused the low pH in our experiments. 
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lungs in Experiments 48, 49, and 50. Marked congestion of the liver 
and spleen (Expt. 50) and of the intestinal villi (Expt. 48), and some 
congestion of the kidney {Expts. 49 and 50), was present. The lungs 
showed some extravasations of blood in the adventitia of the larger 
blood-vessels (Expt. 48) and were relatively bloodless. The number 
of experiments is too small, however, to warrant an attempt to correlate 
these findings with the blood-flows and duration of perfusion. 

The State of the Blood during Perfusion. — ^In 5 experiments we 
followed the change in pH of the donor’s blood during incubation 
whilst the test animal was being prepared for perfusion. The deter- 
minations were made by a Beckman electrometric apparatus using 
3 c.c. of blood. The blood taken from the femoral artery under local 
ansesthesia was defibrinated in 3 of these experiments and heparinised 
in 2 {14'0 and 17‘0 mg. heparin/100 c.c. blood). The pH taken within 
a few minutes of bleeding ranged between 7-40 and 7-75. In 1 experi- 
ment the determination was made on blood taken straight from the 
artery. During the subsequent 3 hours of incubation the pH rose, 
fell, or remained constant (fig. 9, A). The pH of the mixed donor 
blood used to fill the perfusion apparatus varied from 7-50 to 7-70, but 
in a further experiment in which the blood was passed through the oxy- 
genator fed with 90 per cent. Oj + 10 per cent. COg just before perfusion 
was started, the pH was reduced to 7-20 (fig. 9, B). Berg, Mayne and 
Petersen [1940] reported that the pH of dog’s plasma varies from 7-32 
to 7-68 and is probably determined in part by the barometric pressure. 

Blood gas and pH determinations during perfusion were made m 
6 experiments and in 3 of these both the Og and COg content of the 
arterial and venous bloods were within normal limits. The blood 
gases were determined by van Slyke’s method (fig. 9). The oxygen 
and carbon dioxide contents of the arterial and mixed venous blood 
in normal intact dogs have been measured by Stewart [1924]. His 
results from not less than 18 animals in each case were as follows: 
vol. Og per 100 c.c. of arterial blood ranged from 11-42 to 22-02 (mean, 
19-06); per 100 c.c. of mixed venous blood, 8-57 to 18-45 (mean, 15-44). 
The values for vol. COg were 34-04 to 48-93 (mean, 43-1) and 42-04 to 
56-12 (mean, 47-32) per 100 c.c. of arterial and of mixed venous blood 
respectively. 

In one of our experiments the systemic pump reservoir blood which 
is delivered to the systemic circulation had a lower pH than that of 
the pulmonary pump reservoir blood which is delivered to the lungs 
and oxygenator, in spite of the fact that the former blood had a lower 
COo content than the latter. We are uncertain as to the meaning of 
this discrepancy, for the conditions determining the nature of the 
hi od in the two reservoirs are somewhat complex owing to the manner 
. ^^pich blood is transferred from one to the other. The pH of the 
^''^t rial blood w'as generally lower than the expected value both in 



Bronchomotor and Pulmonary Vasomotor Activity 246 

an accompanying bronchodilatation it occurred synchronously with, 
the rise in P.A.p., and was due therefore to dilatation of the terminal 
passages of the bronchial tree, which are alone supplied by the pulmonary 
circulation. That the rise in systemic pressure was due to recirculation 
of the adrenaline is suggested by the long latent period which was 



Pig. 11, a. — Expt. 25. Dog, §, 6-7 kg. P.W.A., N.P.V. No oxygenator. 
Ethor-oyclopropaae, esenne 4-0 mg. Phrenic nerves intact; both C.V.S. nerves 
cut. Thoracic sympathetic nerves intact. Effect of ACh. 20 /<g. injected into 
pulmonary arterial tubing. 

6. Expt. 36. Dog, <Jf O’O kg. P.W.A., N.P.V. Oxygenator in circuit. 
C!hloralos 0 -oyclopropane, esenne 2-0 mg. Both phrenic and both C.V.S. nerves 
cut; thoracic sympathetic nerves intact. Systemic blood-flow 330 o.c./min.; 
pulmonary flow 210 c.c./min. 

1 =adrenalme flO pg.) injected into systemic arterial tubing. 

2 =adrenaline (10 pg.) injected mto pulmonary ortery tubing. 

c. Expt. 35. Effect of adrenalme (10-0 pg.) injected into pulmonary artery 

tubing 6 mmutes after 6, 2. 

d. Expt. 46. Dog, O'O kg. P.W.A., N.P.V. Oxygenator in circuit, 
Chloralosane. Both phrenic and both C.V.S. nerves cut. Thoracic sympathetic 
nerves intact. Systemic hlood-flow=380 c.c./min.; pulmonary flow =410 

o.c./min. Effect of adrenalme (20-0 pg.) added to Bystemic pump reservoir. 

not significantly altered in value as a result of a second dose of 
adrenaline injected into the pulmonary arterial tubing (fig. 11, c). 
This interpretation is supported by the data presented in fig. 11, a. 
In this experiment 20 p.g. of acetylcholine injected into the pulmonary 
artery tube caused an immediate bronchoconstriction but no significant 
change in the B.P. or P.A.p. After a latent period of 37-38 seconds 
the B.P. fell synchronously with a slight diphasic change of P.A.p. 
These later effects were evidently due to the ACh. reaching the peri- 
pheral systemic circulation and the lungs by way of the bronchial 
circulation respectively. That the recirculating ACh. had reached the 
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The Action of Adrenaline . — ^In 6 experiments in which Pernocton 
was used as an ansesthetic, adrenaline was infused at a steady rate 
into the systemic circulation at rates of 5, 9, 11, 12, 15, and 
18 /xg./min./kg. body -weight. The larger quantities raised the systemic 
arterial presstne and caused gross irregularities lasting during the 
infusion (fig. 10); the smaller quantities, with the exception of 
5 /ig./min./kg., produced only transient irregularities in pressure level. 
An insufficient number of experiments has been performed with 



Sir* 



Fig. 10. — Expt. 6. Dog, 7-0 kg. P.W.A. Positive pressure ventilation. 

No oxygenator. Pernocton 0-5 c.c./kg. body-weight. Phrenic nerves, atellato 
ganglia and sympathetic chains mtact. C.V.S. nerves cut. Irregular systemic 
arterial pressure due to adrenalme infusion 15 /ig./min./kg. body-weight. At 
signal — stimulation of caudal ends of both cervical vagosympathetic nerves. 

adrenaline infusions to decide whether the preparations are improved 
by this practice. Freeman, Freedman and hliller [1941] have recently 
found that adrenaline infused at 3-4-1 6-4 pg./min./kg. body -weight 
causes a state of shock, an increase of venous pressure and a decrease 
in plasma volume. The advisability of practising adrenaline infusion 
clearly requires further examination, especially as Stutzman and Allen 
[1941] have reported that cyclopropane has an adrenolytic action in 
the later stages of anmsthesia. 

Single injections of adrenaline (5-20 pg.) in preparations 
anmsthetised with chloralosane-cyclopropane gave interesting results 
, ^en^nci upon the point in the circulatory system selected for 
■ ■ ction” When injected into the pulmonary artery tubing the rise 
. p ^ pressure was almost immediate, and after a latent period which 
■ d'from 25 to 70 seconds in a number of experiments a rise in 
ly^emic arterial pressure occurred (fig. 11, 6, c). When there was 
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an accompanying broncliodilatation it occurred synclironously "with 
the rise in P.A.p., and was due therefore to dilatation of the terminal 
passages of the bronchial tree, which are alone supplied by the pulmonary 
circulation. That the rise in systemic pressure was due to recirculation 
of the adrenabne is suggested by the long latent period which was 



Fiq. 11, o. — Ejcpt. 23. Dog, $, 6>7 kg. P.W.A., N.P.V. No oxygenator. 
Ether-cyclopropane, eserine 4-0 tng, Phrenic nerves intact; both C.V.S. nerves 
cut. Thoracic sympathetic nerves intact. Effect of ACh. 20 fig. injected into 
pulmonary arterial tubing. 

6. Expt. 35. Dog, (J, 6-8 kg. P.W.A., N.P.V. Oxygenator in circuit. 

ChloralosB-cyclopropane, eserme 2-0 mg. Both phrenic and both C.V.S. nerves 
cut; thoracic sympathetic nerves intact. Systemic blood-flow 330 c.c./min.; 
pulmonary flow 210 c.e./mm. 

1 =adrenaline (10 /ig.) mjected into systemic arterial tubing. 

2 =adrenalme (10 ftg.) mjected into pulmonary artery tubing. 

c. Expt. 35. Effect of adrenaline (10-0 fig.) injected into pulmonary artery 

tubing 6 minutes after b, 2. 

d. Expt. 46. Dog, 9'6 kg. P.W.A., N.P.V. Oxygenator in circuit. 

Chloralosane. Both phremc and both C.V.S. nerves cut. Thoracic sympathetic 
nerves mtact. Systemic blood-flow =380 c.c./min.; pulmonary flow =410 

c.c./min. Effect of adrenabne (20-0 ftg.) added to systemic pump reservoir. 


not significantly altered in value as a result of a second dose of 
adrenaline injected into the pulmonary arterial tubing (fig. 11, c). 
This interpretation is supported by the data presented in fig. 11, a. 
In this experiment 20 fig. of acetylcholine injected into the pulmonary 
artery tube caused an immediate bronchoconstriction but no significant 
change in the B.P. or P.A.p. After a latent period of 37-38 seconds 
the B.P. fell synchronously with a slight diphasic change of P.A.p. 
These later effects were evidently due to the ACh. reaching the peri- 
pheral systemic circulation and the lungs by way of the bronchial 
circulation respectively. That the recirculating ACh. had reached the 
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lungs was shown by a further bronchoconstriction which occurred 
after the fall in systemic B.P. These observations extend those made 
by Alcoek, Berry, Daly, and Narayana [1936], who, working on lu-ng 
oesophagus preparations, compared the effects on the bronchi of 
adrenaline injected into the bronchial and pulmonary circulations. 

Single doses of adrenaline (10-20 jag.) injected into the systemic 
arterial tubing or added to the systemic pump reservoir cause a rise 
of B.P. (fig. 11, 6, d). In the experiment from which fig. 11, b is taken, 
the P.A.p. was not affected by the increase of B.P., and presumably 
the intrapulmonary communicating channels between the two vascular 
systems were closed down. In Experiment 45 (fig. 11, d), however, 
the B.P. rise to adrenaline injection in the systemic circulation was 
followed by a primary P.A.p. rise approximately 5 seconds later, and 
a smaller secondary rise after a further interval of 40 seconds. There 
seems no doubt that the primary rise of P.A.p. was due to the extra 
amount of blood, carrying some adrenaline with it, which was trans- 
ferred from the systemic to the pulmonary circulation by way of the 
intrapulmonary communicating channels, and that the secondary rise 
of P.A.p. was in all probability due to the recirculation of adrenaline, 
for it coincides in time of onset with the initial flattening of the systemic 
B.P. recovery curve. 

These results indicate the complexity of the factors which determine 
the pulmonary arterial pressure response to intravenous injections of 
adrenaline in experimental animals. It would appear that in the 
animal with an intact cardiovascular system, the time-relations of the 
adrenaline P.A.p. response depend not only upon changes in cardiac 
frequency and output, but upon the state of the intrapulmonary 
communications between the systemic and pulmonary circulations, and 
possibly upon the amount of adrenaline recirculating. The difficulties 
attending the interpretation of pulmonary vascular pressure changes 
due to adrenaline injections in the entire animal are therefore consider- 
able, and are not lessened by the fact that reflexes may also play a 
part. We believe that entire animal perfusions will eventually do 
much to clarify the mechanisms involved. 

Reflex Changes in Tidal Air, Systemic and Pulmonary Arterial 
Pressure . — ^The following abbreviations wall be used in describing the 
effects of nerve stimulations; C.V.S. = cervical vagosympathetic; 
Qg_ —cervical sympathetic; C.V. = cervical vagus; T.V.S. = thoracic 

vagosympathetic. 

Reflex effects on the lungs w'ere obtained in a number of experiments 
by stimulation of the cephalic ends of the C.V.S. nerves or of the 
anterior crural nerves (fig. 12). The pulmonary arterial pressure 
changes were frequently complicated by bronchomotor effects, and 
>ht have been due to them. In a few experiments, however, they 
re dissociated. A reflex rise of P.A.p. unaccompanied by a broncho- 
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motor response following stimulation of tlie cephalic ends of the O.V.S. 
nerves is illustrated in fig. 12, A, o. That the P.A.p. rise here was 
not due to the concomitant systemic B.P. increase transferring blood 
from the bronchial vascular system to the pulmonary was shown by 
the fact that similar B.P. alterations brought about by adjustments 



Fio. 12. — AU experiments P.W.A., N.P.V. Oxygenator in circuit. 

Both phrenic nerves cut. 

A. Expt. 44. Dog, ,J, 12-4 kg. Ether-chloralosane-cyclopropano. Both 

C.V.S. nerves cut; stellate ganglia and thoracic sympathetic chains intact. 

a ^stimulation of cephalic ends of both C.V.S. nerves, c.d. =0 cm. 

6 =systemio flow adjusted to simulate B.P. changes during a. 

B. Expt. 45. Dog, 9-6 kg. Chloralosano. Both C.V.S. cut; stellate 
ganglia and thoracic sympathetic chains intact. Stimulation of cephalic ends 
of both C.V.S. nerves at signals, c.d. =0 cm. 

G. Expt. 41. Dog, 8'7 kg. Chloralosane-cyclopropane. Both C.V.S. nerves 
intact; ant. crural nerve cut; lower poles of stellate ganglia separated from 
thoracic sympathetic chains. Stimulation of cepholic ends of ant. crural nerves, 
c.d. =0 cm. 

D. Expt. 47. Dog, d, ^'2 kg. Chloralosane-cyclopropane. Both phrenic 

C.V.S. and ant. crural nerves cut. Stellate ganglia and thoracic sympathetic 
chains intact. Stimulation of cephalic ends of ant. crural nerves, c.d. =0 cm. 

E. Expt. 47. Repetition of stimulation 24 min. after D. c.d. =0 cm. 

c.d. =coil distance. 

of the systemic pump output (A, 6) produce no immediate rise of P.A.p. 
The first pair of horizontal lines beneath the two blood-pressure tracings 
coincide with the duration of nerve stimulation; the second pair are 
drawn to cover that period during which the systemic arterial pressure 
change produced by pump adjustment simulated the systemic pressure 
change during nerve stimulation. It will be seen that the P.A.p. 
showed little or no alteration during this period. In all probability 
the efferent nerve pathway for the reflex P.A.p. rise was by way of 
the thoracic sympathetic nerves, since the C.V.S. nerves were cut. 

A reflex fall of P.A.p., again witb the probability that the efferent 
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path is by way of the thoracic sympathetic nerves, is shown in fig.' 12, B. 
This illustrates a phenomenon we have often observed in recording 
either reflex P.A.p. alterations or those due to stimulation of the caudal 
ends of the C.V.S., C.V., or C.S. nerves. When the response was a 
faU of P.A.p. it frequently happened that the pressure failed to return 
to its initial value. This failure has also been seen, but less frequently, 
when the immediate P.A.p. response was a rise. Fig. 12, D and E, 
shows a reflex diphasic response and a fall in pressure which eventually 
turned out to be permanent. At this stage of the experiment the tidal 
air was only a few cubic centimetres, the lungs having lost most of their 
elasticity. A reflex bronchoconstriction without a P.A.p. change is 
shown in fig. 12, C. The accompanying small fall in systemic B.P. 
cannot account for the bronchomotor effect [Einthoven, 1S92J. 

Tonus Variations in the Pulmonary Vasctilar Bed , — On several 
occasions stimulation of the caudal or cephalic ends of the C.V.S. 
nerves, and in one experiment stimulation of the cephalic ends of the 
anterior crural nerves, produced little or no immediate effect upon 
the P.A.p., but after a latent period of a minute or so marked tonus 
waves appeared on the P.A.p. tracing, without any change taking 
place in the tidal air or systemic arterial pressure. These might last 
as long as 10-15 minutes. An example is shown in fig. 13. This 
particular experiment was an extremely good one, the animal’s own 
respiratory efforts having been quiet and regular for the first 3 hours 
of perfusion. Eserine (3-0 mg.) had been added to the blood 38 minutes 
before the observation was made, and a total of 90 pg. adrenaline in 
single doses of 10 or 20 pg. was also added to the blood during the 
previous 37 minutes. The C.V.S. nerves were cut 12 minutes previously. 
The size and abruptness of the P.A.p. changes seen are characteristic, 
and they appear to be similar to those described by Daly, Ludany, 
Todd, and Vemey [1937] as spontaneously occurring in the perfused 
head-thorax preparation infused with adrenaline solution. Spontaneous 
variations in tonus of the pulmonary blood-vessels have been observed 
in isolated perfused lungs of the cat [Modrakowski, 1914; McDowall, 
1921] and of the rabbit [Schafer and Lim, 1919; McDowall, 1921], 
but as far as we are aware they do not occur in similar lung preparations 
of the dog. It is interesting, therefore, that their presence in the 
dog has only been observed in the perfused head-thorax and perfused 
whole-animal preparations in which the sympathetic nervous system 
is intact, and/or to which adrenaline has been administered. This 
seems to us to be all the more significant in view of the findings of Cow 
11911] that tonus waves of the isolated pulmonary artery of the rabbit 
occur during the contraction response to adrenaline, and of Wearn ef al. 
fl926 1928, 1934] that in the entire animal (cat) the finer blood-vessels 
of the lung* are constantly opening and closing. These considerations 
lead us to speculate whether tonus waves in the pulmonary vascular 
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"bed of the dog depend upon the integrity of the lung nerves and the 
concentration of adrenaline in the blood, the more so as adrenaline 
administration promotes variations in tone of the blood-vessels of the 
greater circulation in the perfused "whole animal. It may be that the 
release of humoral substances at the pulmonary nerve terminations 
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Fio. 13. — Expt. 40. Dog, 8’6 kg. Chloralosane-oyclopropane; eserino 
3-0 mg. P.W.A., N.P.V. Oxygenator m circuit. Both phremo and C.V.S. 
nerves out. Stellate ganglia and thoracic sympathetic nerves mtact. Stimula- 
tion of cephalic end of R.C.V S. c.d. = 12 cm. The rhythm of the respiratory 
eSorts was recorded for a short time by signal marker at end of tracmg. 


during stimulation initiates tonus waves in a muscle already sensitised 
by adrenaline. 

Stimulation of Stellate Ganglia . — ^In 4 experiments we confirmed 
that stimulation of the stellate ganglia caused a rise of P.A.p. (fig. 14). 
In 1 of these a slight bronchodilatation occurred. In 2 the lower 
pole of the stellate ganglion was separated from the sympathetic chain, 
so that the pulmonary vasoconstrictor fibres stimulated were passing 
through or relaying in the ganglion. 

Pulmonary Arterial Pressure Changes due to Stimulation of the 
Caudal Ends of the G.V.S., C.V., and C.S. Nerves , — In many experiments 
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C.V.S., C.V., and C.S. stimulation caused broncboconstriction, and va 
confirmed the well-known fact that this response following C.V.S. or 
C.V. stimulation is potentiated by eserine and suppressed by atropine. 
Associated with the bronchomotor effect due to C.V.S. , C.V., or C.S. 
stimulation we frequently observed a slight rise or fall or a diphasic 


T.A. 




FtG. 14. — Expt. 23/21. Dog, $, 6-5 kg. Cervical sympathetic nerves resected 
(5 cm, removed) 2i days previously. P.W.A., N.P.V. Ether-ohloralose + 
urethane-cyclopropane. No oxygenator Both phrenic and C.V. nerves cut; 
stellate ganglia isolated from thoracic sympathetic chams. Stimulation of 
caudal ends of C.V. nerves, c.d. =3 cm., and of stellate ganglia, c.d.=3 cm. 
before and after eserine, 1 -0 rag 


response of the P.A.p. (fig. 15). As would be expected, these responses 
were most easily obtained during the earlier periods of perfusion. 
In a few experiments, however, a slight P.A.p. rise occurred in the 
absence of broncboconstriction (figs. 16 and 20, d). In a further 
attempt to obtain P.A.p. changes without the complication of broncho- 
motor effects we tested the action of pulmonary nerve stimulation 
at a time when the lungs had largely lost their elasticity. Here again 
stimulation of the caudal ends of the C.V.S. nerves caused a rise of 
P A p. (fig- I"')- experiment from which these figures are taken 

broncboconstriction w^as detectable, but the change in air entry caused 
thereby amounted to a few c.c. only. 

The exclusion of changes in intrapulmonary pressure due to 
broncboconstriction was realised in another way. After a P.A.p. 
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response to nerve stimulation had been obtained, the negative pressure 
ventilation was stopped and the stimulation repeated (fig. 18). The 
type of partial bronchoconstriction accompanying the P.A.p. rise in 
the first instance would have caused, if anything, a slight rise of P.A.p. 
[Daly and Hebb, 1942], but certainty that the rise could not have been 
due to intrapulmonary pressure changes was given by the fact that 



Fig. 15. — Expt. 26. Dog, $, 9'3 kg. P.W.A., N.P.V. No oxygenator in 
circuit. Ether-cyclopropane; eserine l-O mg. Ergotoxine 2-0 mg. Pituitrin 
S'O I.U. Phrenic nerves, stellate ganglia and thoracic sympathetic chains 
intact. Separated C.V. and C.S. nerves cut. Stimulation of caudal ends of both 
C.V. nerves, c.d. =3cm. 

Expt. 21. Dog, $, 9-0 kg. P.W.A., N.P.V. No oxygenator in circuit. 
Ether-cyclopropane; eserine 5-0 mg. Phrenic nerves, stellate ganglia and 
thoracic sympathetic chains intact. Separated C.V. and C.S. nerves out. 

6 = stimulation of caudal ends of both C.S. nerves, c.d. =5 cm., and c of caudal 
ends of both C.V. nerves, c.d. = 5 cm. 


the P.A.p. rose again with the second stimulation in the absence of 
lung ventilation. 

In 2 experiments only have we observed a pure fall of P.A.p. in 
the absence of tidal air changes following stimulation of the caudal 
ends of the C.V.S. nerves. They were somewhat similar in character 
to the response shown in fig. 12, B, with stimulation of the central 
ends of the same nerves. 

From these experiments we conclude that in lungs under negative 
pressure ventilation, stimulation of the caudal ends of the C.V.S. , 
C.V., or C.S. nerves causes small changes of P.A.p., which can occur 
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independently of intrapulmonary pressure alterations -n-hicli may take 
place as a result of concomitant bronchoconstriction. 

Contractions of the (Esophagus . — balloon was inserted into the 
oesophagus in 5 experiments. In none did we obtain evidence that 
the contractions of the oesophagus due to C.V.S. or T.V.S. stimulation 
affected the pulmonary arterial pressure. In 1 of these experiments, 



Fro. 16. — Expt. 24. Dog, 6-8 kg. P.W.A., N.F.V. No oxygenator in 
circuit. Ether.cyolopropane. Phrenic nerves, stellate ganglia and thoracic 
sympathetic chain intact. Separated C.S. and C.V. nerves cut. 
a =stimulation of caudal ends of both C.S. nerves, c.d. =6 cm. 
b =stimulation of caudal ends of both C.V. nerves, c.d. =3 cm. 

made on an animal in which the left lung had been removed over 
three years before, L.T.V.S. stimulation caused an oesophageal 
contraction, no effect on the tidal air and a small fall of P.A.p. which 
might quite well have been due to oesophagus activity (fig. 19). A 
later stimulation of the E.T.V.S. caused similar effects on the oesophagus 
and P.A.p., and in addition a marked bronchoconstriction. A few 
minutes later, however, when R.T.V.S. stimulation caused no change 
of P.A.p. or T.A., the oesophagus showed spontaneous contractions 
fright-hand part of fig. 19). Since the latter had no effect on the 
P A p., it appeared unlikely that the earlier P.A.p. alterations were 
ttribiitable to oesophageal contractions. These observations were 
made after 2|- hours’ perfusion, when the lung had lost its elasticity; 
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Fio. 17. — Expt. 47. Same conditions as fig. 12, D, E. 
a =stimulation of caudal end of R.C.V.S. nerve, c.d. = 6 cm. 
b =Btim\ilation of caudal end of B.C.V.S. nerve, c.d. =0 cm. 



Pig. 18. — ^Expt. 46/31. Dog, $, 3-4 kg. Same conditions as in fig. 9. 
Stimulation of caudal ends of C.V.S. nerves vith and ivithout negative pressure 
ventilation, c.d. =1 and 0 cm. respectively. 
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independently of intrapulmonary pressure alterations which may take 
place as a result of concomitant bronchoconstriction. 

Contractions of the (Esophagus. — balloon was inserted into the 
oesophagus in 5 experiments. In none did we obtain evidence that 
the contractions of the oesophagus due to C.V.S. or T.V.S. stimulation 
affected the pulmonary arterial pressure. In 1 of these experiments, 



Fig. 16 — Eiqjt. 24. Dog, 6-8 kg P.W A , N.P.V. No o-^ygenator in 
circuit. Ether-cyclopropane Phrenic nerves, stellate ganglia and thoracic 
sympathetic cham mtact. Separated C S. and C.V. nerves cut. 
a =stimulation of caudal ends of both C.S nerves, cd. =6cm. 
b =stimulation of caudal ends of both C.V. nerves c d. =3 cm. 

made on an animal in which the left lung had been removed over 
three years before, L.T.V.S. stimulation caused an oesophageal 
contraction, no effect on the tidal air and a small faU of P.A.p. which 
might quite well have been due to oesophagus activity (fig. 19). A 
later stimulation of the E..T.V.S. caused similar effects on the oesophagus 
and P.A.p., and in addition a marked bronchoconstriction. A few 
minutes later, however, when R.T.V.S. stimulation caused no change 
p ^ p Qj. T.A., the oesophagus showed spontaneous contractions 
(right-hand part of fig. 19). Since the latter had no efi'ect on the 
P A p., it appeared unlikely that the earlier P.A.p. alterations were 
attributable to oesophageal contractions. These observations were 
ade after hours’ perfusion, when the lung had lost its elasticity; 
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of the fibres. As regards the other, the separated nerves -were not 
tested for their effects upon the eye and heart, but, as stated earlier, 
we feel confident that naked-eye appearances differ sufficiently to enable 
them to be designated without error. 

Bserine potentiated (2 expts.) and atropine suppressed (1 expt.) 
the bronchoconstriction due to O.S. stimulation (fig. 20). The choli- 



Fig. 20. — Expt. 21. Dog, $, O-O kg. P.W.A., N.P.V. Ether-chloralose + 
urethane-cyclopropane. No oxygenator. Phrenic nerves and separated C.V. 
and C.S. nerves cut. Stellate ganglia and thoracic sympathetic chains intact. 

C.V. and C.S. nerves tested for effect on heart and eyes respectively. 

Effect of stunulatmg caudal ends of both C.S. nerves: la) o.d. =3 cm.; (6) 
c.d. = 12cm.; (c)c.d. = lcm; (d)c.d. =lcm. 

Eserme, 5 mg., added to pulmonary pump reservoir between (a) and (6). 
Atropine, 5 mg., added between (6) and (c). Ergotoxme, 7’0 mg., added between 
(c) and (d). 

No Oj was bemg admitted to closed circuit during tune of tracing (d). 


nergic fibres [Dale, 1933] involved may be preganglionic with their 
cell stations in the extra- or intra-pulmonary ganglia, and/or post- 
ganglionic terminating in the bronchial muscle. We have no evidence 
which would enable us to decide between these alternatives. Broncho- 
constriction due to C.S. nerve stimulation has also been reported by 
Dixon and Ransom [1912] in eserinised cats, by Saloz [1914] in 
pilocarpinised or eserinised animals, and by Petrovskaia [1939] in the 
guinea-pig, an effect which was reversed by ergotoxine. 

That the bronchoconstrictor fibres in the cervical vagus may not 
be similar in nature or may differ in the manner by which they reach 
the lungs is a possibility for which we have some evidence. In 3 
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it was, however, the only experiment in which we suspected that a 
definite effect on the P.A.p. had been produced by cesophageal 
contractions. 

Bronchomotor Changes due to C.V. and O.S. Nerve Stimuhlion.— 
In 8 experiments C.S, stimulation caused bronchoconstriction in 
3 (figs. 15 and 20), no effect in 2, and a suspicion of bronchodilatation 
in 3. These results are somewhat similar to those of Braeucker [1926], 



5^0. 19. — ^Expt. 50. Dog, $. 7-9 kg. Ze/e lunff removed 3 years 81 days 
previously. P.W.A., N.P.V, Ether-chloralosane-cyclopropane; eserme 4 mg. 
Isolated perfused lungs from another animal used in place of oxygenator. 

E, phremc and both T.V.S. nerves cut. Stellate ganglia and sympathetic chains 
intact. Stimulation of D.T.V.S. and R.T.V.S. nerves, o.d. =0. 

who found that bronchoconstriction was produced equally well by 
G.S. nerve stimulation as by C.V. stimulation. He considered the 
possibility that fibres from the dorsal nucleus of the vagus passed 
caudally in the C.S. nerves. It may be that the communicating fibres 
between the C.V. and C.S. nerves which we met are bronchoconstrictor 
in function, but the fact that the bronchoconstriction was greater with 
C S than with C.V. nerve stimulation in 2 of our experiments (fig. 15, 
b and c) rather suggests that if this is so they are not the sole source 
of bronchoconstrictor fibres in the C.S. nerves. Concerning these 
xneriments it might be asked whether any possibility arose of a mistake 
behig made in the designation of the separated C.S. and C.V. nerves. 
We do not think so, for in one of these experiments the effect of 
t‘ ulation upon the eye and heart was carefully tested after separation 
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constriction [Petrovskaia, 1939] but suppresses wholly or partly the 
bronchoconstriction due to stellate ganglion stimulation [Hebb, 1940]. 
Evidently there is a difference in the ergotoxine response between the 
dog and guinea-pig which demands investigation. 

Effect of Stimulating the Caudal Ends of the G.V.8., 0.8. , and 
Stellate Ganglion on the Systemic Arterial Pressure, — In the perfused 
whole animal Dale [1928 6] demonstrated a small depressor effect on 



Fig. 22, — Expt. 2. Dog, 3>6 kg. P.W.A. Pornoeton 1-8 c.c./kg. 
body-weight. No oxygenator. Phrenic and L.C.V.S. nerves, stellato ganglia 
and thoracic sympathetic chains intact. B.C.V.S. nerve cut. Adrenaline 
infusion 12'0 gg./min./kg. body-weight had been stopped 12 minutes before 
observation 1. Obs. 1 and 2 = stimulations of caudal end of R.C.V.S. nerve; 

3 =L.C.V.S. out; 4 =stimuiation of cephalic end of R.C.V.S. 

'i’he rise of P.A.p. following section of the L.C.V.S. is probably due to an 
increased transfer of blood from the bronchial to the pulmonary vascular system. 

stimulating the caudal end of the C.V.S. nerve, which probably repre- 
sented an actual vasodilator function of the vagus for abdominal 
viscera. In our own experiments such stimulation produced a pressor 
response in 7, a depressor in 5, and a diphasic response in 1. In all 
cases the responses were slight. Examples of these effects are shown 
in figs. 10, 13, and 22. In one experiment only did we obtain definite 
evidence that a section of the C.V.S. nerves exerted a tonic effect (direct 
or reflex) on the systemic vessels (fig. 22). Excitation of the C.V. or 
C.S. nerves also produced only slight B.P. responses of a mixed variety 
(figs. 15, 20, 21). Stellate ganglia stimulation caused a slight rise in 
2 out of 5 experiments. The nature of the fibres is unknown, for 
although eserine and ergotoxine were used as diagnostic agents in some 
experiments, the results were unecmivocal 

VOL. XXXI., NO. 3.— 1942. 18 


256 


Daly, Elsden, Hebb, Ludany, and Petrovskaia 


experiments, in 2 of which it had already been shown that eserine 
potentiated the bronchoconstriction due to C.V. stimulation, the 
injection of ergotoxine also potentiated the bronchoconstriction due 
to C.V. stimulation (fig. 21). If the bronchoconstrietor fibres in the 
C.V. nerves are cholinergic, it seems at first sight reasonable to attribute 
this action of ergotoxine to its inhibiting' effect on the esterase, for 
Loewi and Navratil [1926] and Matthes [1930] have shown that 



Fig. 21. — Expt. 25. Same conditions as m fig. 11, a. Stimulation of caudal 
ends of both C.V. nerves, c.d. =3 cm. (a) before ergotoxine 5 mg., (6) after 

ergotoxme. 

ergotamine and ergotoxine enhance the action of acetylcholine by 
inhibiting the action of esterase. Now we have already demonstrated 
that eserine potentiates the bronchoconstriction due to C.S. stimulation 
(fig. 20), and therefore it would be expected, if these cholinergic 
bronchoconstrietor fibres reach the lungs by the same route as the C.V. 
bronchoconstrietor fibres and are in other respects identical with them, 
that ergotoxine would also potentiate the bronchoconstriction due to 
C S stimulation. In point of fact, in one of our experiments in which 
eserine potentiated the bronchoconstriction due to C.V. and to C.S. 
nerve stimulation, ergotoxine failed to potentiate the bronchial response 
to C S stimulation but caused a well-marked potentiation of the 
nonse to C.V. stimulation. These results are rendered still more 
olf^ure in the light of the action of ergotoxme on guinea-pig lungs. 
I this animal species ergotoxine not only reverses vagal broncho- 
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occur when contractions fail to be detected, and on the other such 
contractions were seen to occur spontaneously without producing 
any effect on the pulmonary arterial pressure. It would, however, he 
advisable to eliminate the effect of contractions of this kind in every 
future experiment. There remains the possibility that changes of 
P.A.p. due to nerve stimulation may, in some of our experiments, 
bo due not to activity of the pulmonary vascular bed proper, but to 
alterations in calibre of the vessels of the bronchial vascular system 
controlling the transfer of blood from the bronchial to the pulmonary 
vascular system. Thus it might be that the rise of P.A.p. following 
nerve stimulation we observed in some of the experiments is due to 
the activation of vasodilator fibres supplying the bronchial arteries, 
the communicating channels between the bronchial and pulmonary 
systems, or the bronchopubnonary veins; so that our experiments on 
the perfused living animal do not enable us to decide whether the 
pulmonary arterial responses following pulmonary nerve stimulation 
are due to activation of nerve fibres supplying the pulmonary vascular 
bed proper or of those supplying some part of the bronchial vascular 
system. This latter mechanism could not, of course, arise in isolated 
perfused lungs in which additional perfusion of the bronchial vascular 
system is not practised, and in which weak pulmonary vasomotor 
responses to nerve stimulation have been demonstrated (evidence cited 
in the Introduction). Thus if we interpret our present experiments 
in the light of the results obtained earlier on isolated perfused lungs, 
we are led to believe that they do demonstrate the existence of 
pulmonary vasomotor nerve control. For the reasons given, however, 
we cannot assert that our thesis is correct on the basis of the evidence 
offered ; rather is this evidence valuable as an analysis of the difficulties 
which beset the interpretation of results of an investigation such as 
we have undertaken, and as an indication of how the problem can be 
more successfully attacked in the future. 

Summary. 

1. A description is given of a method for blood perfusion of the 
entire living animal (dog) in which — 

(а) the heart ventricles are put out of action and the right auricle 

continues to beat and respond to vagal stimulation, its blood- 
supply being intact; 

(б) the systemic and pulmonary blood-flows, the gaseous content 

of the blood and the ventilation of the lungs are under 
separate control; 

(c) the respiratory control remains active during 3 hours’ perfusion 
and the blood gases are maintained udthin normal limits ; 
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Discussiok. 

We have described attempts to perfuse the whole animal under 
conditions which it was thought would give unequivocal evidence of 
pulmonary vasomotor nerve activity. We believe that the conditions 
laid down in the introduction to this paper for the production of such 
evidence were finally fulfilled ; but the majority of perfused preparations 
were, as regards vasomotor responses, no more sensitive to pulmonary 
nerve stimulation than isolated lungs in which the bronchial and 
pulmonary vascular systems were perfused simultaneously. In only 
about 15 out of 40 experiments did we consider that the animal was in 
a really good experimental condition, yet in the vast majority of the 
40 experiments bronchomotor effects due to pulmonary nerve stimula- 
tion were obtained. In 6 of these W'e felt reasonably satisfied that 
changes in P.A.p. followdng nerve stimulation u'ere not due to intra- 
pulmonary pressure changes brought about by bronchoconstriction. 
Poor oxygenation of the blood at least during some jmriod of the 
experiment, and failure to maintain the blood COo within normal 
limits, were in our opinion responsible for the poor condition of some 
of our preparations. These difficulties w'ere finally overcome, and 
when the opportunity arises to contmue the investigation we have 
every reason to expect a high proportion of successes. 

In spite of the apparently good condition of some of the prepara- 
tions, stimulation of the central end of a sensory nerve did not produce 
effects upon the systemic arterial pressure in any way comparable witli 
those usually observed in the simply anfesthetised dog. It may be 
significant that some of our preparations infused with small quantities 
of adrenaline appeared to be more sensitive to nerve stimulation than 
those without administered adrenaline. However tliis may be, it is 
evident that attention will have to be concentrated upon the conditions 
responsible for such insensitivity and their elimination attempted. 

The fact that the blood-florv through both circulations is under 
control and not influenced by cardiac output should prove invaluable in 
elucidating the mechanisms governing the control of the vascular bed 
of both the greater and lesser circulations. With regard to pulmonary 
vasomotor activity, w'e have confirmed the rise of P.A.p. due to stellate 
ganglion stimulation and have obtained weak P.A.p. responses to 
electrical excitation of the caudal ends of the C.V.S., C.V., and C.S. 
nerves — a pressure rise predominating. How' far these responses are 
vasomotor in character or due to concomitant extra- or intra-pulraonary 
events requires further consideration. That they are not always due 
to changes of intrapulmonarj' pressure consequent upon the accorapany- 
iaa bronchoconstriction we feel reasonably certain, for they appear 
in'^the absence of tidal air changes. It also seems unlikely that they 
are due to contractions of the cesopJiagus, since on the one hand they 
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(d) vascular and bronchomotor responses to sensory nerve stimula- 

tions and drug injections are readily obtained; 

(e) the blood-flows and pH values of the blood are rather lower 

than the corresponding values given by other workers for 
normal unansesthetised dogs. 

2. Stimulation of the caudal ends of the cervical vagosympathetic 
nerves causes changes of pulmonary arterial pressure which cannot he 
wholly accounted for by concomitant oesophageal contractions or by 
bronchomotor effects. The significance of these results in relation to 
pulmonary vasomotor nerve activity is discussed. 

3. The bronchoconstriction due to excitation of the caudal end of 
the cervical vagus is potentiated by eserine and suppressed by atropine, 
and is also potentiated by ergotoxine in the non-atropinised preparation. 

We wish to express our thanks to the Government Grants Committee 
of the Royal Society for defraying the expenses of the investigation by 
a grant to one of us (I. de B. D.). 
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PROLONGATION OR SURVIVAL PERIOD OF DIPHTHERIA 
TOXIN-INJECTED RABBITS BY CHOLESTEROL AD- 
MINISTRATION. By Hsien-chang Meng and Chiao Tsai. 
From Department of Physiology, College of Medicine, National 
Central University, Chengtu, China. 

{Eeceifed for publicalion Ith November 1941.) 

Yi AND Meng (1941) found that a change in the antihemolytic strength 
of the plasma is correlated with a change of its total cholesterol content, 
and that rabbits with plasma of a higher antihemolytic strength 
usually survived a longer 'period after iniection of broth culture of 
staphylococcus aureus. Hewitt and Todd [1939] showed that 
cholesterol neutralises both the hemolytic and the lethal effect of 
streptolysin “0” produced by hemolytic streptococci. Chassin and 
Bruger [1939] claimed that the antibody response to typhoid vaccine 
is higher in the induced cholesterolaemic rabbits. These findings led 
to the present investigation with the purpose of seeing whether the 
animals given a M.L.D. of a toxin can be brought to survive by 
cholesterol administration. Diphtheria toxin was selected for the 
present experiment. 

Methods. 

Adult healthy rabbits weighing 1-2 kg. were used in aU experi- 
ments. They were fed with our laboratory diet at least one week 
before the > commencement of experimentation. The diet consisted of 
whole wheat, ground corn, bran, and green vegetables. Cholesterol 
was injected or fed daily for at least four days before the injection of 
diphtheria toxin. The toxin was supplied by the National Epidemic 
Prevention Bureau, labelled M.L.D. =0-002 c.c. and L+=0-18 c.c,, 
for which we wish to express our sincere thanks to Dr. F. F. Tang, 
Director of the Bureau. The dosage of toxin we adopted was 0-002 ml. , 
per 250 g. body-weight. It was given subcutaneously in all the ex- 
periments. Ten per cent, cholesterol in vegetable oil was administered 
subcutaneously. Sodium chloride was given by mouth, intravenously, 
or intraperitoneally in 1 per cent, solution and cholesterol-)- lecithin 
and lecithin were given in a 5 per cent, emulsion in vegetable oil-water 
(1 ; 1). Aseptic precautions were observed in all injections and blood 
samplings (from marginal ear vein). 
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Table II. — Stovival Periods aexer Gkoeesterol akd DirirmEarA Toxor. 
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inj. 

Choi. 

ostorol 

ted. 

Diph. 

toxin. 

Toxin. 

and 

chol. 

inj. 

Toxin 

and 

chol. 
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ing. 

Toxin 

and 

NaCl 

and 

chol. 

Toxin 

and 

NaCl. 

Toxin 

and 
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thin. 

Toxin and 
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A* 

B * 
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Bt 

No. of rabbits 

C 

0 

3 

16 

6 

11 

12 

9 

9 

4 

5 

6 

Average sur. 













vival period, 













days . 



, . 

.“iO hr. 

6 

IG 

S 

8 

70 hr. 

75 hr. 

58 hr. 

74 hr. 

No. survived 

all 

all 

oil 

0 

0 

2 

■ 

1 

0 

0 

0 



A * Cholesterol iniootiotv stopped 4 or 5 days ottor toxin administration. 

B * Cholesterol injootion continued until death. 

A t Daily injection of 100 mg. cholesterol and lecithin each. 

B t Daily injoction of 200-400 mg. cholesterol and 100 mg. lecithin. 

injections) to reach a maximum and about 7-10 days to return to 
normal level after cessation of injection. 

3. Feeding of Cholesterol . — ^The slowness of subcutaneous absorption 
has led us to try feeding. In this group the same amount of cholesterol 
was given with a mixture of whole wheat and corn-flour which were 
made to a paste with water. Ail of these animals were normal and 
survived. The results are also shown in Tables I. and II. The elevation 
of their total plasma cholesterol content was, however, greater than 
after injection. 

4. Diphtheria Toxin Infection . — ^In preliminary control experiments 
_we have found that 0-002 ml. of the toxin per 250 g. body-weight was 

the M.L.D. which caused death within 44-92 hours. Hence in all 
subsequent experiments we have adopted this dosage with 2-4 days 
survival period as the standards. 

In this control group the total cholesterol content of the plasma 
is higher than normal (Table I.); whereas that of suprarenals and to 
a lesser degree of the liver was lower (Table III.). It is quite possible 
that the elevation of plasma cholesterol may come about at the expense 
■of the tissue cholesterol. What significance this may have we do 
not know. 


Table III. — ^Toxal Gholestekol Content or Vabious Tissues 
(in mg. p.c. wet weight). 


Tissues. 

Normal. 

Cholesterol 
injected or 
fed. 

Diphtheria 

toxin 

injected. 

Toxin + 
cholesterol 
injected. 

No. of rabbits 

4 

6 

4 

4 

Heart , 

118 

160 

120 

145 

Liver .' 

• 308 

492 

282 

430 

Suprarenals . 

6632 

7325 

2630 

4745 
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Plasma and tissue total cholesterol were determined according 
to the method of Bloor (described in Peters and Van Slyke’s Clinical 
Chemistry). They were estimated in a number of animals- 2 or 3 
times before, and at frequent' intervals after, the administration of 
oil, cholesterol, toxin, "etc. The tissues from adrenals, liver, and heart 
of various groups of animals were obtained just after death. In a 
few cases free and combined cholesterols were determined according to 
the modified method of Schoenheimer and Sperry [1934]. 

In order to see whether the animals became ansemic or not, we hare 
occasionally made cell volume and hemoglobin estimations, but found 
no change in these. 

A few tissues were fixed in Bouin’s fluid and sectioned with ordinary, 
histological technique in order to examine the pathological changes 
brought about by the toxin. 

' E,esiti.ts. 

Control Experiments. 

1. Oil Injection. — As a control group rabbits were .given daily 
injections of 2-4 ml. sterile vegetable oil and their plasma cholesterol 
and general health such as body-weight, temperature, etc., were 
carefully observed. The only change that could be detected was a 
slight elevation of total cholesterol content of the plasma (Table I.). 
They were all in good condition and none died up to the end of the 
experiment, which usually lasted over two months. 


TABI.E I. — ^Totai. Cholesteroi. Content of the Plasma. 



Normal, 

on 

inj. 

Choi. 

inj. 

Choi. 

fed. 

Diph. 

toxin 

inj. 

Toxin -4- 
, chol. 
inj. 

Toxin -f 
chol. 
fed. 

No. of detennina- 

88 

11 

17 

8 

8 

15 

8 

Average cholesterol 
cone. 

mg./IOO ml. . 

53 

69 

116 

244 

109 

189 

314 

(30-66) 

(66-72) 

(98-130) 

(210-290) 

(74-151) 

(147-210) 

(240-390) 


2. Injection of Cholesterol in Oil . — Another control group of 6 rabbits 
were injected with 200-400 mg. cholesterol in oil 5 times, once every 
other day. In these animals we could see no abnormality except an 
elevation of total cholesterol content of the plasma (Table I.). They 
are still alive (Table II.) and active up to the end of the experiment. 

It may he remarked that the rise of plasma cholesterol following 
hcutaneous administration is rather slow and the return to normal 
el occurs also slowly; it takes several days (usually after three 
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The, Effect of Sodium Chloride Administration. 

According to our own observation the clinical manifestation of 
diphtheria toxin-injected rabbits appears similar to suprarenal in- 
sufficiency. We wish we could try cortical hormone preparations, 
but the present ' situation has forbidden us to do so. Nevertheless, 
we have tried sodium chloride administration, with the object of seeing 
whether the symptoms of intoxication can be ameliorated and life 
prolonged. Two groups of rabbits were used, one being given toxin 
and sodium chloride (100-600 mg. daily) in addition to, that already 
present in the diet, and the other toxin, sodium chloride, and chol- 
esterol. In the first group none of the 9 animals survived longer 
than 102 hours, with an average of only 70 hours (Table .II.). In -the 
second group 2 out of 9 animals died in 66 and 68 hours respectively, 
while 6 survived from 5 to 13 days, with an average of 8 days, and 1 
is still living (Table II.). Trom this finding it is obvious that with 
the amount of sodium chloride we administered no beneficial effect 
can be obtained. 


The Effect of Lecithin. 

Since the metabolism of cholesterol is known to be closely connected 
with that of lecithin, we have also tried lecithin. Here we used also 
two groups of rabbits, one group given lecithin alone and the other 
lecithin and cholesterol. 

Lecithin was given subcutaneously in the form of emulsion equivalent 
to 100 mg. daily before and after diphtheria toxin injection. The 
animals all died within the range of time found in the control group 
(Table II.). 

In the other group 6 per cent, lecithin + cholesterol emulsion, in 
1 : 1 oil and water given subcutaneously daily (100 mg. of cholesterol 
and lecithin each) before and after diphtheria toxin. The animals 
survived only 46-84 hours, with ah average of 58 hours (Table II.). 

The absence of beneficial effect of lecithin -f cholesterol in the latter 
group may be due to a harmful influence of the lecithin or, to an in- 
t sufficient quantity of cholesterol being given. To test which of these 
factors was in operation we have made another series of experiments 
in which the amount of cholesterol injected together with lecithin was 
increased to 200-400 mg. daily. It was found that all rabbits used 
in this group died within 81 hours, with an average of 74 hours (Table II,). 
Since they would have survived much longer if they were given the 
same amount of cholesterol without lecithin, we conclude that lecithin 
abolishes or diminishes the beneficial effect of cholesterol. 
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The most definite clinical symptoms of diphtheria toxin attack 
in rabbits were anorexia, loss of body-weight, initial brief rise of tem- 
perature followed by a profound fall at the fatal stage, weakness and, 
in most cases, diarrhoea. They were similar to those in suprarenal 
insufficiency. Gross autopsy just after death showed in many cases 
congestion and haemorrhage in the intestines, liver, kidneys, testicles, 
spleen, and sometimes the lungs, ulceration of stomach and sometimes 
of small intestines. But the most marked changes appeared in the 
suprarenal glands which showed congestion, haemorrhage, and enlarge- 
ment; in some cases necrosis and cavitation were found. The gross 
findings were verified in several cases by microscopic examinations. 


Injection of Diphtheria Toxin and Cholesterol. 

After feeding for one week or more on laboratory diet, the animals 
were injected with 200-400 mg. cholesterol in oil daily, for at least 
4 days. Diphtheria toxin was then injected, while cholesterol ad- 
ministration was continued for 4 days in one group (A), and until 
death in another (B) (Table II.). In the former group the animals 
survived 5-9 days, with an average of about 6 days, and in the latter 
group 2 out of 11 animals lived indefinitely, while the remaining 9 
rabbits survived 9-25 days, with an average of 16 days. If we put 
all the animals which died of these two groups together, we see their 
survival period extended from 5-25 days, with an average of 12 days, 
which is much longer than that of the control group. This finding leads 
to the suggestion that prolonged cholesterol administration is beneficial.* 

In this series of experiments the plasma cholesterol level of all 
animals remained high throughout the survival period. On the other 
hand, if the animals died within a week or so after toxin administration, 
the cholesterol content (in mg. per 100 g. wet weight) of the suprarenals 
was found slightly below the normal level (column 5 of Table III-), 
though still higher than those that died of toxin without cholesterol 
administration. The change of free cholesterol and its ratio to esterified 
' and total cholesterol is not consistent. Our meagre data do not 
justify any definite conclusion. 

Regarding the autopsy finding it varies with different animals, 
but in general, if the animals died within a week or so, lesions were 
broadly similar to those of controls. On the other hand, if they died one 
week or more after toxin injection, gross lesion was almost undetectable. 

When cholesterol was fed daily until death instead of being injected, 
the animals sur\’ived for a slightly shorter time, though still much 
jontrer than the controls. Of 12 animals, 11 survived 5-10 days, with 
an "average of 8 days, 1 being alive up to the terminatiori of the 
experiment. Other findings are similar to those of the cholesterol- 

injected group. 
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plasma cholesterol. Is the depreciation of suprarenal cholesterol the 
cause of death? We have no evidence of it. Administration of 
cholesterol may improve the condition, but the question is, how can 
we make the suprarenals and other tissues utilize it? 


Table TV. — .Wet Weight of One Shpeabenal Glakd. 


imiii 

Normal. 

Toxin-injected 

(died). 

Toxin +oholesterol- 
injected 
(survived). 

Body- 

weight, 

kg. 

Wet weight 
of 

suprarenal, 

mg. 

Body- 

weight, 

kg. 

Wet weight 
of 

suprarenal, 

mg. 

Body- 

weight, 

kg. 

Wet weight 
of 

suprarenal, 

mg. 


1-220 

49 

■pm 

88 

1.280 

56 


1-310 

62 


94 




0-950 

74 

BsuuH 

137 






1-210 

. 164 



Average 

1-130 

58 

1-110 

118 

1-280 

56 


Stjmsiaky. 

1. Several groups of rabbits were given cholesterol, lecithin, 
cholesterol + lecithin, sodium chloride or sodium chloride + cholesterol 
respectively, before and after the injection of a M.L.D. of diphtheria 
toxin. The symptoms and survival period of these animals were 
recorded. 

2. Cholesterol definitely improves the conditions and prolongs 
the life of the toxin-injected animals. In 38 rabbits given cholesterol 
or cholesterol + sodium chloride, 10-5 per cent, lived indefinitely, 
84:-2 per cent, survived 5-25 days, with an average of about 9 days, 
and 6-2 per cent, died within the period of 66-68 hours, while control 
animals with diphtheria-toxin injection alone all died within 4ir-92 
hours. 

3. Sodium chloride and lecithin respectively cannot prolong the 
life of the toxin-injected rabbits any longer than that of the control 
group. Lecithin appears to abolish the beneficial effect of cholesterol. 

4. The suprarenal glands of the diphtheria toxin-injected rabbits 
are enlarged, but the .total cholesterol concentration is reduced. This 
reduction is probably due to the increment of the tissue mass without 
a corresponding addition of cholesterol. 
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Discussion. 

Among the 38 rabbits in three series of experiments -with diphtheria 
toxin and cholesterol treatments with and -ndthout the addition ,df 
sodium chloride, 4 of them or 10-5 per cent, survived indefinitely, 2 of 
them or 5-2 per cent, died within 66 arid 68 hours, and the remaining 32 
rabbits or 84-2 per cent, survived 5-25 days (on an average 9 days). 
Since control animals injected with diphtheria toxin alone all died 
within 44-92 hours, we may conclude that cholesterol administration 
prolongs the life of diphtheria toxin-injected rabbits, .and in a few 
cases prevents death from the effect of the toxin. 

On the other hand, lecithin injection is useless or even harmful. 
When it was given with cholesterol, all animals died within 84 hours. 
Apparently lecithin abolishes thebeneficial effect of cholesterol. 

Many , investigators have reported that the survival period of 
adrenalectomized animals can be prolonged by excessive sodium 
chloride administration [Clark and Barnes, 1940; Anderson et al., 1940; 
and others]. Although as a result of diphtheria toxin w'e have seen 
severe pathological changes in the suprarenal glands, we have failed 
to ameliorate the symptoms and prolong the life of toxin-injected 
animals by giving sodium chloride alone. It is quite possible that 
the dosage of sodium chloride given was too small. But since it 
had not the slightest beneficial effect, we do not think it likely 
that any marked improvement would be effected by giving larger 
dosages. This, however, does not rule out the possibility that the 
death of diphtheria intoxication is associated with suprarenal in- 
sufficiency. Further work must be done in order to clarify this point. 

That the high plasma cholesterol level is not essential for improve- 
ment of the condition and for prolongation of the life of diphtheria 
toxin-injected animals is shown by the elevation of plasma cholesterol 
concentration in all moribund animals, with or without previous 
administration of cholesterol. 

The question as to how cholesterol exerts its beneficial effect can 
only be conjectured at the present time. Since cholesterol is an 
essential cell constituent, and since it is knorni to protect the red 
blood cells from the attack of various chemical lysins, there is a possi- 
bility that it may also protect other ceUs by its ability to neutralize 
toxins or to prevent the penetration of to.xins into the tissue cells. It 
is observed that when the animal is at the fatal stage of toxin attack, 
or shortly after death, the cholesterol content of the suprarenals falls 
onsiderably. This drop of cholesterol concentration is not due to 
the increase of water content which w'e have found in several cases 
that died of diphtheria intoxication, but is due to the enlargement of 
the elands without a corresponding increase of total cholesterol (see 
T hi in and IV.). Apparently, the suprarenals fail to utilize the 
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Ip the interaction between hsemolysin and antihsemolysin is purely 
of a chemical nature and is independent of the activity of the cells, we 
should expect to observe an acceleration of the reactiop by temperature. 
So far as we can ascertain from the available literature very little 
work has been done regarding this point, A series of experiments 
was therefore carried out in which the hsemolysih-antihasmolysin 
systems M'ere subjected to different temperatures for a definite length 
of time and then cooled to room temperature. This was followed 
by adding cell suspension. After a thorough shaking the mixture 
was placed in a water-bath at 37° C. for 30 minutes and the degree of 
hagmolysis then determined, as described in the preceding paper. The 
hsemolysin-antihsemolysin systems were made up in exactly the same 
way as before and the haemolytic or antihaemolytic potency of the 
mixture was calculated in terms of micrograms of the lysin in the 
3-ml. system required to produce 50 per cent, haemolysis or inactivation. 
The detail of procedure and computation has already been described 
in' the preceding communication. 

The temperature quotient or Qj^ was obtained by the following 
equation : — 

Q _ h3emolysin inactivated at 
hsemolysin inactivated at ti 

where represents the temperature 10 degrees above 


Results. 

For the sake of brevity it is necessary to omit some of our numerical 
data, especially concerning negative findings, and present only the 
essential points. 

* Fellow of British Boxer Indemnity Fund Administration. 
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Tchen the velocity of I’eaction is at its peak. These quotients (Qm of 
2'2-4-0) signify the chemical nature of saponin-cholesterol reaction. 

(b) By Lecithin . — ^Lecithin is practically thermostable ■ in so far 
as its ha 3 moI}'tic activity is concerned, because its ha3mol3^tic potency 
is not veakeJicd even after being lieated to 98'’ C. for 30 minutes. 
This is shown in Table I. When lecithin and cholesterol are present 


Table L— The Hjemolytio Potenoy or Lecithin after High 
T nUtPERATURE TrEATJIENT. 



Lecithin required 
for 60 per cent, 
lucmolysia, 

m- 

Unheated sample .... 
Heated sample (OS'” C. for 30 minutes) 

1800 

1800 


together without other lytic agent, lecithin is hiemolytic, and its action 
maj' be inhibited by cholesterol. The interaction between these 
two substances is not accelerated by increasing the temperature as 
high as up to 98° 0. for 30 minutes. Table II. records the results of 
a t 3 rpical experiment of this series •which justifies our statement made 
above. 

Table II. — The Effect of Temperature on the Anti-Lecithin 
Action of Cholesterol. 



Isvcwbatiou. 
temperature, 
degrees C. 

Irwrabatioiv 

period, 

minutes. 

Lecithin 

inacti%'ated, 

m- 

Lecithin + cholesterol (0-025 mg.) 

20 

10 

60 

»» *1 H 

38 

30 

60 

yf ft 

98 

30 

60 


If lecithin is mixed with other hsemolj'sins, it may remain hsemolytio 
or become antihsBmolj’^tic. The effect of temperature on the reactions 
between lecithin and other lysins 'will be reported subsequently. 
However, we feel it pertinent to mention here its reactions in the 
saponin sj^stem. The inactivation of saponin by lecithin is readily 
completed at 20° C.; no further inactivation was demonstrable in 
higher temperatures. Table III. verifies this statement. 

(c) By Cholesterol + Lecithin . — The combined antihiemolytic action 
of cholesterol and lecithin against saponin hiemolysis is accelerated 
by subjecting the system to higher temperatures above 20° C. As 
shown in fig. 2, the saponin (in ^g.) inactivated at 20° 0. is much less 
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' Inactivation of Saponin and Digitonin. 

(a) By Cholesterol . — While subjecting saponin and cholesterol to 
different temperatures separately before adding cells 'does not cause 
any alteration in their respective hsemolytic and antihtemolytic 
behaviour, similar treatment of the mixture of these two substances 
gives rise to a remarkable change in the resultant antihsemolytic 
potency. This is shovTi by the graphs in fig, 1. There are five curves 



FlO. 1.' — ^Xhe influence of teraperatinre on cholesterol activity against 
saponin hsemolysis. 


from five different temperature treatments. It is noted that the 
inactivation of saponin by cholesterol increases with temperature, 
and that at a given temperature the rate of increase is most rapid 
during the first few minutes of treatment; below 37° C. acceleration 
stops abruptly at the first or second minute, whereas with higher 
temperatures the curves continue to rise, though at a slower rate, up 
to 10, 30, and 60 minutes respectively for 70°, 60°, and 50° C. 

Careful analysis of these curves indicates that there seem to be 
two processes operating in the inactivation of saponin by cholesterol, 
one being present at all temperatures above 20° C. and the other 
accelerated only by high temperatures above 40° C. Corroborative 
evidence has been obtained when lecithin was added to the system. 
Lecithin' appears to accelerate the latter process at a lower temperature. 

From the graphs in fig. 1 vre have worked out the Q,o. The amount 
f saponin in micrograms inactivated by cholesterol at 60° C. for 
10 min utes is 2-2 times greater than at 60° C., and at 48° C. about 
4 times that at 38° C. These values, of course, apply only to the period 
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when the velocity of reaction is nt its peak. These quotients (Qio of 
2'2-4'0) signify the chemical nature of saponin-cholesterol reaction. 

{h) By Lecithin . — Lecithin is jirnctically thermostable ' in so far 
as its hromolytic activity is concerned, because its hcemolytic potency 
is not weakened oven after being heated to 98° C. for 30 minutes. 
This is shown in Table I. When lecithin and cholesterol are present 

Tabiuj I. — ^The BDemolytic Potency op Lecithin after High 
Temperature Treatment. 



Lecithin required 
for 60 per cent, 
hmmolysis, 

/'g- 

Unheated sample .... 
Heated sample (98° C. for 30 minutes) 

1800 

1800 


together without other lytic agent, lecithin is hsemolytic, and its action 
may be inhibited by cholesterol. The interaction between these 
two substances is not accelerated by increasing the temperature as 
high as up to 98° C. for 30 minutes. Table II. records the results of 
a typical experiment of this series which justifies our statement made 
above. 


Table 11. — ^The Effect op Temperature on the Anti-Lecithin 
Action of Cholesterol. 



Incubation 

Incubation 

Lecithin 


temperature. 

period, 

inactivated, 


degrees C. 

minutes. 


Lecithin + cholesterol (0-026 mg.) 

20 

10 

60 

’> »> 99 

38 

30 

60 

” 99 99 

98 

30 

60 


If lecithin is mixed with other hsemolysins, it may remain hsemolytic 
or become antihsemolytic. The effect of temperature on the reactions 
^tween lecithin and other lysins v'ill be reported subsequently. 
However, we feel it pertinent to mention here its reactions in the 
saponin system. The inactivation' of saponin by lecithin is readily 
completed at 20° G. ; no further inactivation was demonstrable in 
igher temperatures. Table III. verifies this statement. 

(c) By Cholesterol + Lecithin . — ^The combined antihsemolytic action 
o clidesterol and lecithin against saponin hEemolysis is accelerated 
y subjecting the system to higher temperatures above 20° 0. As 
s own m fig. 2, the saponin (in y.g.) inactivated at 20° C. is much leas 
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Tabi,e III. — ^The Effect of Tesuperattibe on the Anti-Saponin 
Action of Lecithin. 



Incubation 

Incubation 

Saponin 


temperature, 

period. 

inactivated. 


degrees C. 

minutes. 

/‘g- 

Lecithin -1- saponin 

20 

20 

5 

>> >» ... 

50 

20 

5 

»» jj .... 

60 

20 

6 

- 





than that at 38° G. However, at 50° C. the amount of saponin in- 
activated is only slightly higher than that at 38° C. It appears that 
the rate at 38° C. approaches almost the maximum. During the 



Pjq, 2, The influence of temperature on the combined action of Jecithin 

• ' and cholesterol toward saponin htemolysis. 


most rapid period of inactivation, that is within the first 10 minutes, 
the Qio is 0-89 for 38° to 48° and 0-71 for 20° to 30° C. 

Another interesting point is that the process of inactivation proceeds 
steadily even at 20° C., which would not occur if lecithin is removed 
from the system. A comparison of these curves with those in fig. 1 
at once suggests that the reinforcing effect of lecithin on the anti- 
hffimolytic action of cholesterol may be chiefly catalytic in nature. 

Digitonin behaves similarly to saponin as regards temperature 
^ To avoid repetition of statement the results of a typical 
experiment summarized in Table IV. suffice to illustrate our essential 

findings. 
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Table IV. — The Effect or TEMi’EnATunii on tjii: Anti-Dioitonin Action 
or CnOLF.STKROE WITH ANO WITHOUT LeCITHIN, 



Incubntion 
tempornture, 
degrees C. 

Incubation 

period, 

mimitcs. 

Digitonin 

inactivated, 

/‘B- 

t 

Digitonin + cholesterol 

27 

10 

25 

»» »» . . 

37 

10 

110 


47 

10 

140 

»» >1 . . 

57 

10 

r62 


08 

10 

162 

Digitonin +cholestorol +lccitliin . 

27 

10 

200 

” >1 ») 

.37 

10 

200 

” » » 

47 

10 

222 

** >> >> • 

57 

10 

222 

*» » ty * 

98 

10 

222 


Inactivation of Crude Bile Acid. 

(a) By Cholesterol. — ^The hasmolytic potency of crude bile acid 
remains unchanged even when heated to 50“ or 90“ C. for 30 minutes. 
The interaction between cholesterol and crude bile acid is accelerated 
at a higher temperature. As shown in fig. 3, the process of inactivation 



Pig. 3. — The influence of temperature upon the activity of cholesterol 
against crude bile acid hsemolysis. 


at 22“ C. Stops abruptly within the first 10 minutes. At 38° or 50° C. 
the amount of crude bile acid inactivated gradually increases as time 
of incubation becomes longer. The curves representing the relation 
of the amount of bile acid inactivated to time of incubation at three 
ternperatures take a shape similar to those obtained from the inter- 
action between saponin and cbolesterol. However, the Qm in the 
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former case is much lower. Thus, for instance, it is only M jhom 
38° to 48° C. when the incubation period is 30 minutes. 

(b) By Lecithin. — Lecithin is antihaamolytic against crude bile 
acid. The interaction between these two substances takes place and 
is completed rapidiy, even at room temperature. Increasing the 
incubation temperature does not help in quickening the rate of the 
reaction. 

(c) By Cholesterol + Lecithin. — ^When cholesterol 'and lecithin are 
both present in the crude bile acid system the reinforcement of anti- 
heemolytic action takes place very quickly and reaches a maximum 
within a relatively short period of time even at a low temperature, i.e. 
subjection to higher temperatures does not accelerate the rate of 
inactivation. 


Inactivation of Natural Hcemolysin. 

Since the complement of natural hmmolytic s'erum or plasma is 
rapidly destroyed above 50° C., we can only study the effect of tem- 
perature below this point. The experiments we have thus performed 
are as follows; one sample of cholesterol-)- natural hsemolysin was kept 
at 37° C. for 10, 60, or 90 minutes, and another sample at 25° to 29° C. 
for the same length of time. They were then brought to room 
temperature before adding cells. Similar procedure was applied to 
the studies of lecithin and lecithin -f cholesterol. The results of one 
series of such experiments are presented in Table V. It is seen that 


Table V. — The Eitbct of Testperatube on the Antih^molytic Action of 
Cholesterol and Lecithin against ELemolytic Serum. 


Serum alone 

»» • • 

Serum -4- lecithin (0-8 mg.) 

If >* '' 

Serum -f- cholesterol {0-2 mg.) 

,, >> >' 
Senun + cholesterol -t lecithin 


Incubation 
temperature, 
degrees C. 

Incubation 

period, 

minutes. 


25 

90 

0 

37 

90 

0 

25 

90 

80 

37 

90 

80 

25 

90 

110 

37 

90 

130 

25 

90 

90 

37 

90 

100 


in the serum the antihsemolytic action of lecithin is not affected by 
temperature, whereas that of cholesterol and cholesterol -f lecithin is 
accelerated, the acceleration in the latter system being less marked. In 
+h' particular experiment one notes the absence of temperature effect 
(within the range used) upon the hmmolj^ic potency of the serum. 




277 


Temperature and Lecithin and Cholesterol 

This is, however, not invariable, especially when citrated plasma was 
used in place of serum. Nevertheless, this variation does not in- 
validate our main conclusion, since the amount of heemolysin inactivated 
by lecithin and cholesterol was always calculated by subtracting the 
hffimolytic potency of the serum or plasma under the same temperature. 

Inactivation of Oleic Acid, Taurocholate, and Qlycocholate. 

The hsemolytic power of taurocholate and glycocholate is not 
weakened by subjecting them to boiling temperature for 15 to 30 
minutes; on the other hand, that of oleic acid is remarkably decreased 
by temperature above 60® C. The rate of antihaemolytic action of 
cholesterol toward these lysins reinains practically unchanged after 
different temperature treatments. Table YI. presents some of our 
data for illustration. . The same is true with lecithin and lecithin + 
cholesterol (see also Table VI.). 


Table VI. — The EFrEcr or TEarpERAVuHE on the AamKiEMonYTro Action 
or Cholesterol and Lecithin against Oleic Acid, TAtmocHOLATE, 
AND . Glycocholate Ha:molysis. 


. 

Incubation 
temperature, 
degree C. 

Incubation 

period, 

minutes. 

Lysins 

inactivated, 

Mg- 

Oleic acid + cholesterol . 

28 

30 


27 

. M »> » . « 

37 

30 


27 

it ♦ 

50 

30 


27 

Oleic acid + lecithin 

28 

30 

1 

-) 10 

tt ^ it , . « 

37 

30 

{ 

-) 10 

»» a ... 

60 

30 

{ 

-),10 

Oleic acid + cholesterol +lecithin 

28 

30 


22 

»» 

37 

30 


22 

” »* n 

60 

30 


22 

Taurocholate + cholesterol 

24 

60 


430 

1 »» it . . 

37 

60 


430 

" « . . 
Taurocholate +lecithin . 

60 

24 

60 

60 

(- 

430 
} 170 

Taiirocholate -f cholesterol -f lecithin . 

60 

24 

60 

60 

(- 

) 170 

380 

Glycocholate -j- cholesterol 

50 

28 

60 

15 


380 

374 

” « . . 

50 

18 


434 

Glycocholate + lecithin 

97 

28 

15 

16 

(- 

434 
) 186 


60 

15 

{- 

) 186 

Glycocholate +ohJiesteroi 4-lecithm ' 

97 

28 

15 

16 

(- 

) 206 

214 

” -> „ . 

37 

15 


234 


50 

15 


234 

" 

97 

16 


234 
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Discussiok. 

It is well known that the rate of a chemical reaction is usually 
accelerated by a rise of temperature, while that of physical process 
may be accelerated or may not. The Qjo of many chemical reactions 
is recognized to lie between 2 and 3, but that of a phj^sical process is 
usually below 2 or negative. Nevertheless, the .reactions of many 
inorganic substances, especially ionic in naturej are so fast or instan- 
taneous at ordinary temperature that the effect of rise of temperature 
can hardly be detected with ordinary laboratory technique. On the 
other hand, the reactions between haemolysin and antihaemolysin we 
have studied in the present experiments are relatively, of a slow type 
because of their complex organic nature, and hence the effect of 
temperature on the rate of their reactions can be easily observed and 
the Qio computed. 

The rate of interaction between cholesterol and saponin, digitonin, 
crude bile acid, and natural haemolysin is accelerated in different degrees 
by a rise of temperature. As the values for cholesterol-saponin 
and cholesterol-digitonin are found to lie between 2 and i, it is very 
likely that their reactions are purely chemical in nature. On tlie 
other hand, those of cholesterol-crude bile acid and cholesterol-natural 
hsemolysin are less than 1, and therefore the reactions involved must 
be physical or physico-chemical in nature. 

The rate of cholesterol activity and the interaction between 
cholesterol and lecithin in oleic acid, Na-taurocholate, and Na-glyco- 
cholate systems is not accelerated by a rise of temperature. Similarly 
that between lecithin and other lytic agents employed in the present 
study is also apparently not affected by temperature. The absence 
of demonstrable temperature effect might be explained as' being due 
to the high velocity of reaction, resembling that between many 
inorganic compounds; but the facts indicate the contrary, because 
the reactions of cholesterol and lecithin toward these haemolytic agents 
are not at all instantaneous or different in speed from those between 
cholesterol and saponin and digitonin. We therefore propose that 
the changes involved in the antihseraolytic activity of cholesterol 
against lecithin, oleic acid, Na-taurochoIate, and Na-glycocholate, and 
that involved in the activity of lecithin toward other lytic agents 
must be physical in nature. 

It may be recalled that at ordinary room temperature the 
cholesterol-saponin, -digitonin and -crude bile acid reactions have 
an initial ral)id rate and become very slow in the later stages. Never- 
theless in the relatively quiescent stage they may he accelerated by 
1 'th'n This fact suggests that lecithin seems to catalyse the anti- 
hTmo^vtic activity of cholesterol against saponin, digitonin, and crude 
bile acid. Corroborative evidence in support of this hypothesis is 
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furnished by the effect of lecithin in diminishing or abolishing the 
temperature influence upon these systems. The explanation we offer 
is that lecithin quickens the reaction and makes it complete at ordinary 
room temperature within a relatively short period of time, so that no 
further increase of reaction rate can be demonstrated by the rise of 
temperature. 

Another peculiar phenomenon observed in this series of experi- 
ments is the effect of temperature on the reaction of cholesterol toward 
crude bile acid and taurocholate or glycocholate systems. The first 
system is accelerated by increasing temperature, whereas the latter 
two systems are not. This opposite behaviour may be attributed 
to the impurities contained in our bile acid preparation. Since the 
behaviour of our bile acid preparation is in many respects similar to 
that of saponin and digitonin, and different from that of taurocholate 
and glycocholate, we are justified in postulating the existence in the 
bile acid preparation of some other hmmolytic substance having a 
constitution similar to the hmmoljrtic glucosides in question. 

It is interesting to note that lecithin is antihgemolytic to those 
lysins whose reaction with cholesterol is influenced by temperature, 
but haemolytic to those whose reaction with cholesterol is not affected 
by temperature. Is it merely a coincidence, or has it any significance ? 
At present our data are too meagre to offer any adequate interpretation. 
However, if we assume that those haemolytic and antihaemolytic re- 
actions that are independent of temperature are physical in nature, 
it follows that the haemolytic action of lecithin must also be a physical 
process. On the other hand, those whose reactions are accelerated 
by increasing temperature are chemical or physico-chemical; the 
antihasmolytic behaviour of lecithin must follow also the same process. 

. SUMMAHy. 

1. The antihmmolytic reactions of cholesterol toward saponin, 
digitonin, crude bile acid, and natural hfemolysin are accelerated by 
a rise of temperature, whereas those of cholesterol toward lecithin, 
oleic acid, Na-taurocholate, and Na-glycocholate are not. 

2. The Qio of cholesterol-saponin and cholesterol-digitonin systems 
lies between 2 and 4 and that of cholesterol-crude bile acid or cholesterol- 
natural hsemolysin is less than 1, indicating that the reactions in the 
former group are probably chemical in nature, while those in the latter 
group are physical or physico-chemical. 

3. The interaction between lecithin and all other hsemolysins studied 
are not accelerated by the rise of temperature. This is unlikely to be 

velocity of their reaction at low temperature. 

V. 1 *. of temperature effect in cholesterol-saponin and 

c o es ero - igitonin systems is smaller with the presence of lecithin 
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than without. On the other hand, there is no temperature effect oa 
the rate of combined antihsemolytic action of cholesterol and lecithin 
toward other hsemolysins. 

5. The nature of antihsemol 5 diic action of cholesterol and lecithin 
is discussed. 



STUDIES ON THE ANTIH^MOLYTIC PROPERTIES OE 
LECITHIN AND CHOLESTEROL. By Jtti-Shtian Lee^ 
and Chiao Tsai. Prom Depattment of Physiology, College of 
Medicine, National Central University, Chengtu, China. 

(Beccivcd for ptiblicalion, 7</i November 1941.) 


In the previous report [Tsai and Lee, 1941] we have shown that the 
antihseniolytic function of the plasma is largely due to cholesterol. 
But since the antihiemolytic activity of cholesterol in the plasma as 
indirectly calculated can only account for about 40 per cent, of that 
of the whole fresh plasma, we were led to assume the existence of some 
other antihsemolytic substances or of some reinforcing factors acting 
on the antihsemolytic system of the plasma. In an attempt to elucidate 
this intricate problem we thought it more feasible to begin with an 
investigation on the various interacting factors in a simple artificial 
system containing cell-hsemolysin-antihjemolysin. Until more is learned 
regarding the antihaemolytic properties of cholesterol in such a simple 
medium it is not advisable to attempt to analyse the antihaemolytic 
mechanism of a highly complex system such as the plasma. We have 
incidentally observed that lecithin is haemolytic itself, but may become 
antihaemolytic when mixed with saponin. Since lecithin and cholesterol 
are important blood constituents, their interaction in antihsemolytic 
behaviour should deserve our first attention. 

Part I.— -Experiments with Saponin as the Lytio Agent. 

Part I. of the present report deals with experiments on the anti- 
h®molytic properties of lecithin and cholesterol against saponin. In 
the course of developing the technique many conditions were found to 
be influential, and these must be carefully observed during experimenta- 
tion. It is therefore deemed necessary first to make a brief description 
of them. 

' Methods. 

Preparation of Aqueous Suspension of Cholesterol. — ^The oil emulsion 
preparation mentioned in the previous report [Tsai and Lee, 1941] does 
not fit our present purpose because the oil or emulsifying agent present 

^ Fellow of British Boxer Indemnity Fvmd Administration. 
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in the system may influence the hamolytic and/or antihfemolytic 
action, thus rendering the interpretation of data difiicult. On the 
other hand, an aqueous suspension of pure cholesterol can be prepared 
which yields consistent results, and this was therefore employed in all 
our experiments. We found that prehminary solution in alcohol, 
followed by addition of water, gives a fine and stable colloidal suspension, 
and that subsequent evaporation of alcohol by boihng does not destroy 
the antihsemolytic activity of cholesterol provided the solution is not 
alkaline. Our procedure finally adopted was as follows: Crystalline 
cholesterol (E. Merck) was first dissolved in 96 per cent, redistilled 
alcohol (2-5 mg. per ml.). Two ml. of the solution was then removed 
and mixed Avith 20 ml. of Avarm water (about 60° C.). The mixture 
formed a colloidal suspension. The alcohol was then evaporated off 
by boiling the mixture over a small open flame until the volume had 
been reduced to 6-7 ml. After cooling, the final volume was adjusted 
to 10 ml. by adding distilled water. The final concentration of 
cholesterol was thus 50 mg./lOO ml. This stock cholesterol suspension 
would keep unchanged for 3 or more days. Nevertheless, aa'c ahrays 
prepared a fresh sample for each experiment on the same day. 

In actual experiments only 0-1 ml. of the stock solution of cholesterol 
was used for each 3 ml. cell-haemolysin system so that the concentration 
of cholesterol in the system was only 1’67 mg./lOO ml. In such dilute 
solution its colloidal state as well as its antihsemolytic potency remained 
unchanged for a considerable period of time. 

Preparation of Cell Suspension. — ^Dog’s erythrocytes Avere employed 
in all the experiments. Na-citrate was used as an anticoagulant 
(5 mg. for each ml. blood). The cells were washed with physiological 
saline. Overwashing caused hsemolysis ; in most cases slight hsemolysis 
usually began at the fifth or sixth washing, but in some rare cases it 
occurred even earlier. As a rule, the more washings were made the 
more liability of spontaneous hsemolysis. With low-resistant cells the 
results are often unsatisfactory. Hence our standard method of 
preparing ceU suspension was to wash the cells 3 times Avith 3 volumes 
of 0-9 per cent. NaCl each time. Any sample that showed a trace of 
hsemolysis during the last washing was discarded. If no hsemolysis 
took place during this washing, the cells were considered to be suitable, 
and were then diluted AAuth buffered saline to a 50 per cent, suspension 
and used immediately. 

Preparation of Saponin and Lecithin Sohitions. — The hsemolytic 
agent used in the present experiment was saponin. The stock solution 
was made to 0-1 per cent, in buffered saline and used AA-ithin 3 days. 
Just before use it was diluted to 0-02 per cent. In most experiments 
commercial lecithin (purchased several years ago from E. Merck) aa^as 
loyed both as hsemolytic and antihsemolytic agents. Fresh material 
prepared in our OAvn laboratory according to the method described in 
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Morse’s Applied Biochemistry was used only occasionally as a check. 
In all cases the material was dissolved (to make 0-05 per cent.) in 
buffered saline just before use. 

Determination of Antihmmolytic Unit of Cholesterol and Lecithin . — 
Unless otherwise specified, the cell-hEemolysin-antihsemolysin system 
in all experiments were all of total volume of 3 ml., containing O-l ml. 
(0'05 mg.) cholesterol or lecithin solution (or O-l ml. water in control 
sample), 0-06 ml. of 50 per cent, cell suspension, and variable amounts 



Fio. 1. — Graphs illustrating hovr the antihiemol 3 rtic potency of cholesterol 
is calculated. For explanation see the text. 

of saponin and buffered saline. Saponin and saline were mixed first, 
followed by addition of cholesterol or lecithin. After thorough shaking, 
the cell suspension was then added. The mixtures were placed in a 
thermostatically controlled water-bath at 37° C. for 30 minutes. They 
were then centrifuged, and the degree of haemolysis was determined by 
matching the test samples with the standards made from the same 
source of cell suspension. The antihmmolytic potency of 0-05 mg. of 
lecithin or cholesterol in the 3 ml. system was expressed in terms of 
micrograms (ftg., or y) of saponin inactivated by them. Fig. 1 illustrates 
our method of calculation. The control curve shows that to haemolyse 
60 per cent, of the cells in the 3 ml. volume requires 91-6 /Mg. of saponin. 
This quantity of saponin represents the cell resistance in f^g. When 
0-05 mg. of cholesterol is present in the system, the resultant curve 
shifts to the right side, showing 103-5 fig. saponin are now required 
for the production of 60 per cent, haemolysis. The difference in the 
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quantity of saponin at the level of 50 per cent, hfemolysis is thus 
12 /ig., which is taken to represent the amount of saponin inactivated 
by 0-05 mg. cholesterol in 3 ml. That is the measure of the anti- 
hsemolytie potency of cholesterol. Similar calculation is applied to 
lecithin. 

Cell Concentration. — The amount of saponin required for 50 per 
cent, hfflmolysis increases with increasing concentration of the cells. 
However, as is shown in fig. 2, the relation of these two variables is 

*55 

o 

£ 

(y 

<0 



Cell suspension p.c. 


Fig. 2. — ^Relation of the amount of saponin required for 50 per cent, hsemolysis 
to cell concentration. 

not linear. The milder degree of hsemolysis in higher cell concentrations 
may be due to the reduction of saponin concentration as a consequence 
of its greater dispersion or inactivation over a larger surface area of 
the cells. At any rate, for quantitative work cell concentration must 
be kept constant and uniform in different samples throughout all 
experiments. 

Results. 

Hcemolytic and Antihcemolytic Action of Lecithin . — Lecithin is an auto- 
oxidizable and unstable substance. Consequently the results obtained 
vary somewhat vdth different samples of material. In general it is 
always hfemolytic when present alone with the red blood-cells, regardless 
of whether the sample of material is fresh or old. However, the 
hsemolytic potency increases with the age of the sample. This is 
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illustrated hy the data in Table I., whore, in column 4, larger numerical 
■values signify lower hffimolytic potency and vice versa. When it is 
mixed with saponin it may remain hmmolytic or become antihsemolytic, 
depending upon the freshness of the material as well as its concentration. 
With fresh material its predominant action is still haemolytic, whereas 
with old commercial preparation it is now pre-eminently antihmmolytic. 
Tliis is illustrated by the data given in the last column of Table I. 


Table I. — ^The Effect of Age on the Actifity of Lecithin, 


Samples. 

Date of 
preparation. 

Date of 
experiment. 

Lecithin, /<g. 
required for 

60 per cent, 
bsnmolysis. 

Saponin 

inactivated, 

Pg- 

1 

Commercial 

Jan. 14, 1941 

1920 

5 

2 

Commercial 

Mar. 6, 1941 

1800 

5 

3 

Commercial 

Julji- 4, 1941 

320 

0 

4 

July 14, 1941 

July 16, 1941 

760 

{-)*9 


* The negative sign ( - ) in this and following tables signifies hsemolytic, For 
the derivation of hiemol^io values see Part U. 



Ltcithio concentration tog- f/OOmi. 


Pig. 3. Ration of lecithin concentration in saponin solution to degree of 
Iijumolysis.^ The reduction of haemolysis at first increases with increasing 
concentrations up to a maximum and then gradually decreases as the lecithin 
content becomes higher and higher, imtil 6aaUy above a certain level no reduction 
of hemolysis occurs. The dotted line is an extrapolation based upon the data 
from other experiments. 


The antihffimolytic power of lecithin, when present, is rather weak, 
for it could never prevent haemolysis completely, no matter what 
strength of it was used. When the concentration of saponin is fixed, 
the antihaemolytio potency of lecithin increases with its concentration 
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up to a certain maximum and then declines; it becomes hsmolyHc 
again, when it is present in excess. This is shown in fig. 3. The 

£ 

o 

Q 



2. 3 4 . S 


tSapomn conc.'m^/foom] 

Fig. 4. — The relation of optimal lecithin concentration for antihtemolytio 
activity to saponin concentration. 



Fio. 5.— The relation of optimal g ratio for antih^molytic activity to 
saponin concentration. 

extrapolation (dotted line) of the curve has been verified by a number 
of experiments and its validity cannot be doubted. 
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The optimal antiliEemolytic power of lecithin varies not only with 
its own concentration, but also wdth that of the saponin. As illustrated 
by fig. 4, the optimal lecithin concentration for antihfemolytic activity 
increases rapidly with saponin concentration and soon reaches a 
maximum. With still higher saponin concentration the optimal 
lecithin content should be correspondingly increased. Nevertheless, 
the ratio of optimal concentration of these two substances is not 
constant; it increases up to a maximum and then declines (fig. 6). 

Combined Action of Lecithin and Cholesterol against Saponin . — 
Wlien both lecithin and cholesterol are present in the cell-saponin 
system reinforcement of antihsemolytic power is always observed 
regardless of the conditions of the material. It is greatest rvith fresh 

Table II. — ^The Combined Action op Lecithin and Cholesterol. 


Cholesterol alone. 

Lecithin alone. 

Saponin inactivated 
by cholesterol 
+]ecithin. 

i 

1 Increased 
inactiva- 

Amount 
in 3 ml., 
mg. 

Saponin 

inacti- 

vated, 

Mg- 

Amount 
in 3 ml., 
mg. 

i Saponin 
inacti- 
vated, 
Mg- 

Calculated, 

Mg- 

Found, 

Mg- 

[ tion of 
saponin. 
Mg- 

0-05 

12 

0-05 

5 

17 

■■ 

84 

0-05 i 

12 

0-20 

33 

45 


242 

0-03 

12 

0-60 

83 

95 


222 


samples and becomes weaker if the material has been exposed to air 
for some days. A summary of one typical experiment is given in 
Table II. It is seen that the antihsemolytic potency of these two 
substances when acting together is increased approximately 3 to 10 
times. This reinforcement does not appear to rest upon the anti- 
haemolytic action of lecithin and may involve an independent 
mechanism, because it occurs even in a concentration which would have 
been hamolytic but for the presence of cholesterol. This is illustrated 
by the data from another sample presented in Table III, In other 
words, the reinforcing action of lecithin on cholesterol must be due to 
another mechanism independently of its antihsemolytic activity. 

It is of interest to note that the degree of reinforcement varies 
lecithin 

witn tne ratio in a given range of saponin concentration. 

As shown in fig. 6, which is plotted from the data in Table II., the 
optimal ratio seems to lie round 4 or thereabout. But this optimal 
ratio only applies to the range of saponin concentrationof 3-3-10-6 mg. 

per cent. With an alteration of saponin concentration the optimal ~ 
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Table III. The Reintoecing Action op Lecithin on Cholesterol. 


Cholesterol alone. 

Lecithin alone. 

Saponin inactivated 
by cholesterol 
-t lecithin. 

Increased 

inactiva- 

Amount 
in 3 ml., 
mg. 

Saponin 

inacti- 

vated, 

/'g- 

Amount 
in 3 ml., 
mg. 

Saponin 

equiva- 

lent, 

/'g- 

Calculated, 

l<g- 

Found, 

ftg- 

tion of 
saponin, 
/'g- 

0-05 

12 

0-05 

0 

12 

160 

148 

0-05 

12 

0-10 

(-)8 

4 

194 

190 

0-05 

12 

0-20 

(-)8 

4 

180 

176 

0-05 

12 

0-50‘ 

strongly 

haemolytic 

strongly 

haemolytic 

90 

>90 


rjti 



Fig. 6. — The relation of - ratio to the degree of reinforcement of cholesterol 
o 

action by lecithin, which is expressed in terms of an increase of the amount of 

saponin inactivated. 


ratio also changes. The relation of these two factors has been studied 
in another experiment, the results of which are graphically represented 
in fig. 7. It is observed that the optimal ratio increases with saponin 
concentration, but the rate of increase is negatively accelerated. 

Cholesterol is a hydrophobic colloid, while lecithin is a hydrophilic 
colloid; the former solution is known to be stabilized by the latter. 
It is quite possible that the reinforcement of antihsemolytic strength 
of cholesterol by lecithin may be due to this stabilizing efiect. • To 
test this hypothesis, experiments were carried out in wluch lecithin 
and cholesterol mixtures with and -without saponin were allowed to 
incubate at 29° C. Table IV. contains the records of one of these 
experiments. When the three substances lecithin, cholesterol, and 
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saponin Tpere incubated for 80 minutes (5), the antihsemolytic potency 
was higher than when incubated only for 10 minutes (3). This is not so 
if only lecithin and cholesterol without saponin (4) are incubated for 
similar length of time, indicating that reinforcement of cholesterol 



Flo. 7. — ^The relation of optimal ratio for antiha;mo]ytic reinforcement to 
the concentration of saponin. 


Table IV. — ^Reiotobcement of Cholesteboi. by Lecithik. 


Substances. 

Time of 
incubation, 
minutes. 

Antihfflmolytic 
potency in saponin 
inactivated, yg. 

(1) Saponin alone .... 


0 

(2) Saponin + cholesterol. 

io 

12 

(Jl) Lecithin -(-cholesterol + saponin . 

10 

125 

(4) Lecithin -t cholesterol. 

70, then saponin 
added, further 10 

102 

(6) Lecithin + cholesterol + saponin , 

80 

165 


action by lecithin takes place only in the presence of saponin. It is 
therefore very unlikely that the stabilizing action of lecithin can be 
the contributory factor in the reinforcement of cholesterol. Further- 
more, as shown in the next section, lecithin is haemolytic in the presence 
of cholesterol alone. 

The Interaction of Lecithin and, Cholesterol in a I/ysin-free System . — 
In the preceding sections we have demonstrated that lecithin itself 
is bsemolytic and may remain hemolytic or become antilisemolytic 
m the presence of saponin. It remains interesting to see whether the 
antihEemolytic effect of lecithin still occurs in the absence of saponin. 
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For the settlement of- this point experiments -were carried out in which 
saponin was omitted in the hsemolysin-antihasmolysin system— that is, 
lecithin was used as the haemolytic agent and cholesterol as the anti- 
haemolytic. In these cases lecithin remains hsmolytic and may be 
inhibited by cholesterol. 

Discxtssiox. 

Levin [1935] has shown that pure fresh lecithin is antihaemolytic, 
whereas old commercial preparations are haemolytic, especially in 
dilute solutions. Although the purity of our materials was not ascer- 
tained, our results are consistent, and differ from those of Levin in 
showing that fresh material is predominantly haemolytic, whereas old 
commercial preparation may be either haemolytic or antihaemolytic, de- 
pending upon its age and concentration. As lecithin is an auto-oxidizable 
and unstable substance, variation in its haemolytic and antihaemolytic 
behaviour is to be anticipated. Nevertheless, we shall seek an early 
opportunity to repeat the above experiments with the crystalline 
substance. 

Ponder [1934] has shown that when two lysins are present in the 
system the resultant action toward the cells may be mutual inhibition 
or acceleration. Thus, for instance, saponin + digitonin or -f taurocholate 
are inhibitory and saponin -f oleate and taurocholate -fglycocholate are 
acceleratory. He postulated that the resultant action is due to the 
interaction of the two substances with cell constituents. The anti- 
hmmolytic action of lecithin against saponin hsemolysis reported in the 
present communication may be considered similarly as an outcome of 
interaction of these two lysins. As we shall describe in the next section, 
the behaviour of lecithin toward other lysins is not invariably anti- 
haemolytic. 

The most important fact demonstrated in this series of experiments 
is the reinforcement of the antihaemolytic activity of cholesterol by 
lecithin. In our previous paper we have emphasized the importance 
of cholesterol in the antihmmolytic action of the plasma and realized 
the complexity of the mechanism. We have now obtained evidence 
which leads to the suggestion that lecithin may also play an essential 
role in the protection of red blood-cells against the attack of Ij'sins. 
One must, however, be aware that lecithin cannot prevent saponin 
hmmolysis completely without cholesterol. This indicates that it must 
act as an adjuvant of cholesterol in order to protect the cells with 
absolute certainty. As to how it behaves in the living body we do not 
know. Until we learn more about the conditions for the manifestation 
of reinforcement we must content omselves without attempting further 
postulation and application. 
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Summary. 


1. Methods of preparing a simple artificial cell-hsemolysin-anti- 
hismolysin system are described, and various influential factors 
reported. 

2. Lecithin when allowed to act alone on the washed dog’s red 
blood-cells is hiemolytic, but may remain heemolytic or become anti- 
hffimolytic when saponin is present in the system, depending upon the 
freshness of the material and its concentration. With fresh material 
the reaction is predominantly haemolytic, whereas with old commercial 
preparation it is eminently antihaemolytic, especially in dilute solutions. 

3. The antihaemolytic activity of cholesterol is reinforced by lecithin 
(3-10 times). This reinforcement does not depend upon the anti- 
hremolytic action of lecithin, and appears to be controlled by another 
mechanism. It is not due to the stabilizing action of lecithin on 
cholesterol solution. 


4. The extent of reinforcement depends upon the ratio of • 


lecithin 


cholesterol 

in a given range of saponin concentration. The ratio increases with 
an increase of saponin concentration up to a certain maximum and then 
declines. 

5. Without saponin, lecithin remains hsemolytic in the cell- 
cholesterol system. 

6. The antihaemolytic behaviour of lecithin toward saponin, and 
the reinforcing action on cholesterol, must be attributed to its inter- 
action with saponin, because without the latter these actions cannot 
occur. 


Part II. — Experiments with other Lytic Agents. 

In this part we desire to communicate some similar experiments 
on the antihaemolytic action of lecithin and cholesterol against other 
lytic agents. Lecithin used in this series of experiments was an old 
commercial preparation freshly removed from the stock bottle. The 
hamolysins we have studied were digitonin, crude bile acid, sodium 
taurocholate, sodium glycocholate, oleic acid, and natural haemolysin. 
The procedure of all the experiments was exactly the same as that 
described in Part I. Dog’s citrated plasma or serum was employed as 
a natural haemolysin against rabbit’s washed blood-cells. In aU other 
experiments washed dog cells were used. The antihaemolytic activity 
of a definite quantity of lecithin and cholesterol (unless otherwise 
specified it is usually 0-05 mg.) was expressed in terms of micrograms 
(m 8‘) of the lysin inactivated in the 3 ml. system. When lecithin 
was haeinolytic in the presence of another lytic agent its potency was 
expresse a so in microgram equivalents of that particular lysin, but 
to distinguish it from that inactivated a negative sign ( - ) was added 
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m front of the numerical value. For example, in one experiment it 
required 50 ^g. of oleic acid in tlie 3 ml. system to produce 50 per cent, 
hsemolysis of the cells when oleic acid was present alone, 'When this 
lysin was mixed with lecithin it required only 25 fig. oleic acid to cause 
the same percentage of haemolysis. Hence the hmmolytic strength of 
lecithin in this particular case was equivalent to 25 fig. oleic acid. 
For convenience we wrote it as ( - ) 25. 


Resttlts. 

Oleic Acid and Bile Salts. — Table V. gives the results of three tjrpical 
experiments dealing with oleic acid, taurocholate, and glycocholate 
respectively. Lecithin appears to behave similarly toward these three 


Table V. — The Effect of Cholesterol and Lecithin on Oleic Acid, 
Taurocholate, and Glycocholate Haemolysis. 


, 

Lysin equivalent or 
inactivated. 


Foimd, 

f‘g- 

Calculated, 

f‘g- 

(1) Oleio alone ....... 

(2) Oleic acid +leoitliin (0-1 mg.). 

(3) Oleio acid + cholesterol ..... 

(4) Oleio acid +lecithin (0-1 mg.) +cholesterol 

0 

{-) 25 

32 

26 

V 

(1) Na-taurocholate alone ..... 

(2) Na-taurooholate +]eoithin .... 

(3) Na-taurocholate + cholesterol 

(4) Na-taurocholate -flecithin -f-oholestorol . 

0 

(-) 160 

440 

370 

280 

(1) Na-glycocholate alone ..... 

(2) Na-glycocholate -f- lecithin .... 

(3) Na-glycocholate cholesterol . 

(4) Na-glycocholate -flecithin -f-cbolesterol . . ! 

0 

(-)245 

400 

180 

156 


lysins in that it remains haemolytic in all of them, though its haemolytic 
power in each lysin system varies to some extent with different samples. 
With the presence of cholesterol the reinforcing effect of lecithin was 
observed in most cases. Thus, for instance, in the experiment presented 
in the first section of Table V. lecithin (0-1 mg.) has exercised a 
haemolytic action equivalent to ( - ) 25 fig. oleic acid and cholesterol 
an antihaemolytic action equivalent to an inactivation of 32 /ig. oleic 
acid. If the haemolytic strength of lecithin remains unchanged in the 
presence of cholesterol, the sum of lecithin and cholesterol activities 
should be an inactivation of 7 fig. oleic acid. Since the observed value 
is 25 instead of 7, we assume that the haemolytic action of lecithin is 
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reduced by cholesterol or the antihsemolytic power of the latter is 
reinforced by the former. Both these explanations are equally valid, 
although for the sake of consistency we prefer to adopt the latter. 
The same calculation and interpretation also apply to taurocholate, 
glycocbolate, and other hsemolysins. 

Crude Bile Acid Preparation . — ^This was prepared according to the 
method described in Mathews’ Physiological^Glieinistry (1930). Its 
purity was not ascertained. But as its action''^ iiffers from taurocholate 
and glycocbolate, we thought it worth while to report our observation. 

As shown in Table VI., crude bile acid preparation is hsemolytic. 
The behaviour of lecithin and lecithin + cholesterol toward it is similar 


Table VI. — The Effect of Cholestebol and Lecithin on ELemolvsis cattsed 
BY Cetjde Bile Acid and Mixture of Taurocholate and Glycocholate. 



Lysin equivalent or 


inactivated. 


Found, 

Calculated, 



/'g- 

(1) Crude bile acid alone ..... 

0 


(2) Crude bile acid + lecithin ..... 

40 


(3) Crude bile acid + cholesterol .... 

20 


(4) Crude bile acid + lecithin + cholesterol 

75 

60 

(1) Taurocholate +glycocholate (1 : 3) 

0 

.. 

(2) Taurocholate + glycocholate + lecithin. 

( - ) 300 

, , 

(3) Taurocholate +glycocholate +cholesterol 

500 

, , 

M4) Taurocholate + glycocholate + lecithin + cholesterol 

140 

200 


to that toward saponin, i.e. lecithin is antihsemolytic to crude bile 
acid and its antihaemolytic power in this particular case is greater 
than that of cholesterol. Furthermore, when lecithin and cholesterol 
are present in this lytic system they reinforce each other in anti- 
hsemolytic action. 

Since lecithin is hsemolytic both in taurocholate and glycocholate, 
its antihsemolytic action toward crude bile acid must be due either to 
the impurity of the preparation or the interaction of taurocholate and 
glycocholate. To test the latter possibility several experiments were 
performed in which taurocholate and glycocholate in a proportion of 
1 ; 3 were mixed with lecithin, cholesterol, and lecitliin + cholesterol 
respectively, and their resultant actions were determined as usual. 
The results from one of such experiments are incorporated in Table VI. 
It is obvious that lecithin is hsemolytic in taurocholate and glycocholate 
mixture, an it exerts practically no reinforcing action on cholesterol 
in sue a system. Therefore its antihsemolytic behaviour toward crude 
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bile acid cannot be ascribed to the interaction of tanrocholate and 
glycocholate, and must be due to some other unlcnown factor* 

Digitonin. Digitonin is kno'nm to be a strong haemolytic agent. 
The behaviour of lecithin toward this lysin closely resembles that 
toward saponin; it is markedly antihaemolytic in digitonin and exercises 
a strong reinforcing action on cholesterol activity similar to saponin. 
This is shown in Table VII. 

Table VII. — Tke Effect op Choeesteeol akd Lecithin on Digitonin 

HLsmolysis. 



Digitonin inactivated. 


Found, 

Calculated, 


f'g- 

/'g- 

Digitonin. alone .... 

0 


Digitonin + cholesterol 

25 


Digitonin + lecithin 

26 


Digitonin + cholesterol + lecithin 

200 

51 


Natural Hmmolysin . — It has long been Icnown since the work of 
Bordet that the serum of one animal may hsemolyse the washed red 
blood-cells of another animal of a different species. We have found 
that this t3^e of haemolysis can also be prevented by the plasma of the 
latter animal, by lecithin, and by cholesterol. The resistance of rabbit’s 

Table VJII. — The Effect of Chombstekol and Lecithin on ELemolytic 

Serum. 



1 Serum inactivated. * 


Found, 

Hi. 

Calculated, 

pi. 

Serum alone ..... 


{■■I 

Serum + cholesterol (0-2 mg.) . 



Serum +lecithm (0-2 mg.) 


* ' 

Serum + cholesterol + lecithin . 


80 


* The numerical values below are expressed in terms of miorolitres of citrated 
plasma. 

cells against dog’s plasma or serum and the hsemolytic power of the 
latter vary with different individuals as well'as many other conditions. 
Speaking generally, hiemolysis caused by 1 ml. of dog’s citrated plasma 
can he completely prevented hy 2 mg. cholesterol or 1-5-2-0 ml. of 
rabbit plasma. Lecithin is antifasemolytic to dog’s plasma. The 
inactivation of the h$emolytic serum by lecithin, cholesterol, and these 
two substances together is shown in Table VIII., where the inactivation 
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is expressed in terms of microlitres (/xl. or c.mm.) of serum. Here we 
see no reinforcement of cholesterol by lecithin. 

The haemolytic activity, of the plasma is known to be due to the 
interaction of amboceptor and complement. Which of these elements 
is inactivated by lecithin and which by cholesterol ? We shall report our 
experiments on this question in a separate communication. 


Discussion, 

Cholesterol is antihaemolytic to all chemical lysins studied.' The 
significance of this finding should be emphasized. One might at 
first think that cholesterol acts on ' the cell membrane so as to 
protect it or prevent it from the invasion and attack of various lytic 
agents. But our results do not substantiate this hypothesis, for 
cholesterol is found to react with the lysins before the addition of the 
cells. In the second place, the degree of inactivation of different 
lysins varies. This is shown in Table IX., where the numerical values 


Table IX. — ^Inactivation op Vabious Lysins by Cholestehol at 
Room Temperature. 



Amount 
required for 

50 per cent, 
hiemolysis 
in 3 ml., fig. 

... 

Amount 
inactivated 
in 3 ml. 
by 0-05 mg. 
cholesterol, fig. 

Percentages 

inactivated. 

Digitonin 

14 

25 

178 

Lecithin .... 

250 

220 

88 

Oleic acid 

45 

27 


Na-glycocholate 

770 

374 

49 

Na-taurocholate 

880 

380 

43 

Natural hiemolysin* . 

260 

110 

42 

Saponin .... 

90 

12 

13 

Crude bile acid 

220.* 

20 

9 


* The numerical values in. this row are expressed in terms of microlitres of 
citrated plasma. 


, were derived from different experiments of a similar nature. Although 
they are not strictly comparable, some rough idea may be gained from 
these computed data. If cholesterol acts on the cells alone, one should 
such an extreme variation in the degree of inactivation of 
different lysins. We therefore believe that in many cases an interaction 
between c lolesterol and the lytic agents must have taken place inde- ' 
pen ent Y o e cells. If this proves to be true, then the possibility 

IS c ores ro combines directly with the lysins. It seems unlikely 

^ these chemically widely different substances. 
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While its antihsemolytic process against different lysins may differ in 
each case or in each group of substances, some may be chemical and 
some physical. Our experiments to be described in the following paper 
appear to verify this assumption. 

Lecithin is antihsemolytic toward saponin, digitonin, crude bile 
acid, and natural hsemolysin, but remains hsemolytic in oleic acid, 
tamrocholate, and glycocholate systems. Li the first three substances 
of the former group the antih 8 emol 3 d;ic action of cholesterol is reinforced 
by lecithin; the antihsemolytic activity and reinforcing action are most 
striking in saponin and digitonin. In the latter group the reinforce- 
ment is comparatively feeble and is manifested only by the reduction 
of the hsemolytic activity of lecithin. In other words, when both 
cholesterol and lecithin are present in a lytic system, the reinforcing 
effect occurs regardless of whether lecithin itself is haemolytic or anti- 
hsemolytic toward that particular lysin originally. This is consistent 
with our statement that the reinforcement of cholesterol action by 
lecithin is independent of the antihaemblytic mechanism of the latter. ’ 

The antihsemolytic action of lecithin toward a number of lysins and 
its reinforcing effect on cholesterol have marked its importance in the 
antihsemolytic behaviour of the plasma. The antagonistic action of 
lecithin toward hmmolytic plasma suggests a likelihood of a similar 
function under normal condition in the plasma. It explains at least in 
part why w'e were unable in our previous investigation to account for 
the antihsemolytic potency of fresh plasma by the activity of cholesterol 
alone. We are certain that, besides lecithin and cholesterol, there are 
other substances and factors that share the antihsemolytic activity of 
the plasma, and hope that by similar methods of taclding the problem 
we may be able to explore the field more thoroughly and throw more 
light on the intricate mechanism under consideration. 

Summary. 

1. Lecithin is hremolytic toward’ oleic acid, taurocholate, and glyco- 
cholate, but antihsemolytic to digitonin, crude bile acid preparation, 
and natural hsemolysin (dog’s citrated plasma or serum against rabbit’s 
corpuscles). 

2. The antihsemolytic behaviour of lecithin toward crude bile acid 
is not due to the interaction between taurocholate and glycocholate. 

3 . The antihsemolytic activity of cholesterol is reinforced by lecithin 
in all lysin systems except natural hsemolysin, regardless of whether 
lecithin is inhibitory or acceleratory toward them in the absence of 
cholesterol. The reinforcement is most pronounced in saponin and 
digitonin. It is also very evident in crude bile acid and oleic acid. 
But it is rather feeble in Na-taurocholate and Na-glycocholate. 
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The theory of the gradient of excitability of the intestine advocated 
by Alvarez [1928] to explain the aboral direction of peristalsis was 
mainly based on the differences in rate of the rhythmic contraction of 
the intestine from different levels both in vivo and in vitro, together 
with some evidence indicating differences in metabolic rate. This 
has been further corroborated by the finding that in the intact intestine 
of the rabbit a gradient of electric excitabiliiy can actually be demon- 
strated, the upper end being more excitable than the lower end 
[Alvarez and Hosoi, 1929 a]. 

In view of the great sensitiveness of smooth muscles to chemical 
stimuli, the question naturally arises whether the excitability to 
chemical agents of the smooth muscles of intestine is also consistent 
with the gradient theory. Although much work has been reported 
on the effects of various drugs on intestinal motility, little attention 
has been paid to this comparative aspect of the problem. Since the 
advent of the theory of chemical transmission of nerve impulses, the 
facts of the chemical excitability of tissues have acquired greater 
physiological significance, for the two active substances acetylcholine 
(AC) and adrenaline (Ad) are no longer considered respectively as a 
foreign substance or as one produced in quantity only during emergency, 
but are thought to be constantly produced and destroyed in every 
innervated tissue, and by their local action to be the ultimate regulators 
of cellular activity. The sensitivity of tissues to these stimuli would 
in a sense determine the power of nervous control over them. 

The present investigation was carried out with a view to studying 
the relative excitability to chemical stimuli of the longitudinal smooth 
muscle of the isolated rabbit small intestine, taken from different 
levels of the intestine, with special reference to AC and Ad. 


Experimental Method. 

Adult rablnts of both sexes weighing from 1 to 2 kg. were used, 
a an our efore the experiment they were usually given a dose of 
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chloral hydrate (3 to 5 c.c. of 25 per cent, solution) intramuscularly. 
The abdomen was opened, sometimes with the aid of a little ether, 
warm, saline was poured into the cavity and samples of intestinal 
segments were then taken between ligatures while vigorous peristalsis 
was -going on. The segments were temporarily kept in cold Tyrode 
solution. When the necessary arrangements were ready they were 
transferred to a bath containing warm, aerated Tyrode or Locke 
solution with O-l per cent, glucose and contractions recorded with 
light levers. One, two, or three segments from different levels of the, 
gut were studied at a time. The segments were referred to as duodenum 
(D), jejunum (J), or ileum (I) respectively as they were sampled from 
the upper, middle, and lower levels of the small intestine. Drug 
solutions were introduced with a micropipette directly into the bath 
and quicldy dispersed by an air current. The AC solution was pre- 
pared from acetylcholine chloride (E. Merck) and Ad solution diluted 
from ampoules of 1/1000 adrenaline hydrochloride (International). 
The bath fluid was usually changed after' each observation and enough 
time was allowed for complete recovery before the next observation. 

Results. 

1. Some Preliminary Remarks on the Motility of the Isolated 
Intestinal Segments. 

The general behaviour of the Magnus preparation is too familiar 
to require description in detail. Herewith we only record some of the 
more pertinent points. 

(a) Ehythmicity . — As is well known, raising the temperature of the 
bath increases the rhythm of contraction of the isolated intestine. 
This property is shared about equally by all the segments. However, 
the relation between rate and temperature is not linear (fig. 1). The 
average values indicate that an increase in temperature of 10° C. 
approximately doubled the rate of contraction. The range of 
temperature compatible with regular co-ordinated rhythm lay about 
between 22° and 45° C. On approaching the upper range the rhythmic 
contractions gradually gave way to small inco-ordinated twitchings, 
but might recover again if enough time be allowed for adaptation. 

Another condition affecting rhythm is the hydrogen ion concentra- 
tion. The pH of the Tyrode solution was varied by changing its 
content of bicarbonate and acid phosphate. It was observed that a 
fall of pH caused slowing of rhythm. This effect was most marked at 
the lower levels of the intestine. In one extreme case when the pH 
was changed from 8-5 to 6-1 the contraction rate of the ileum dropped 
from 15 to 2 per minute, and that of jejunum from 16 to 10, while that 
of duodenum remained at 21 i-vithout change. 

In all subsequent experiments the pH of the bath solution was 
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kept around 8-6 and the temperature about 38° 0. Aside from a gradual 
spontaneous slowing-down of the duodenum rhythm during the initial 
period of the experiment the rhythm usually suffered no other change. 
Neither Avas it affected by drug action in the concentrations Used in 
our experiments. 

(b) Tone and Amplitude . — ^The tone of the intestinal segments 
depended to a great extent on the nature of the solution in the bath. 



Fig. 1. — ^The relation between temperature of the bath and rhythm of contrac- 
tion of the isolated rabbit intestine. ( •) duodenum; ( x ) jejunum; (^) ileum. 

Results from four experiments. 

In Locke solution contractility was good, but often with fluctuations 
of tone, especially in the duodenum and jejunum. The amplitude of 
contraction was also irregular. In Tyrode solution the amplitude 
became smaller but more uniform, and spontaneous fluctuation of 
tone was reduced to minimum. For the purpose of comparing drug 
actions we thought it better to use Tyrode solution, prepared from 
glass distilled water and pure chemicals. In such solution it was 
noted that, with apparently egual lengths of muscle fibre, the amplitude 
of contraction was usually greatest in the ileum. The jejunum 
contraction, on the other hand, was weak and sometimes the preparation 
had to be discarded. 

2. The Sensitivity of the Different Segments to AC and Ad. 

. ^be action of AC and Ad on smooth muscle is well known. However, 
one tests their actions on the spontaneously contracting ^ muscle 
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from various levels of the gut and. uses the smallest concentration 
which produces a perceptible effect on the tone and amplitude of their 
contraction as a criterion of sensitivity, one discovers that the sensitmty 
is not uniform throughout the whole small intestine: the duodenal 
muscle is more sensitive to AC, while the ileal muscle is more sensitive 
to Ad. This is shown in Table I., which summarises the results of 
preliminary observations. In these experiments the segments were 
removed from the anaesthetised animals and tested in the Magnus 
bath one after another, sometimes With the duodenum first and some- 
times with the ileum first. 

Table I. — ^JVIinijiae Effective Concentration of AC and Ad on Isolated 

Rabbit Intestine. 


(Micrograms per litre.) 


Exp, No. 

AC. 

/ 

Ad. 

D. 

J. 

I. 

D. 

J. 

I. 

1 

0-6 


3*0 

12-0 


12-0 

2 

2-5 

, , 

2-5 

5-0 


5-0 

■ 3 . 

1-8 

31 

3-6 

7-5 

6-0 

6-0 

4 

0-3 

0-6 

0-6 

5-0 

2-5 

2-5 

5 

0-6 

1-8 

3-0 

100 

7-5 

5-0 

6 

■ 1-2 

1-2 

1-8 

. 100 

7-5 

50 

7 

2-5 

, , 

2-5 

, , 

6-0 

. , 

8 

001 

• • 

005 

■ 10-0 

» * 

5-0 


Thus a majority of the results show a topographical difference in 
sensitivity. If this difference can be called the gradient of excitability, 
the gradient is from above downwards for AC and from below upwards 
for Ad. The few negative results do not invalidate this main conclusion 
since there are apparently various conditions affecting the exhibition 
of the phenomenon which have not been under control in these 
experiments. 

Among the' positive results there existed indeed a great deal of 
individual difference in the sensitivity to AC. The difference was 
exhibited even in the same intestine under various conditions. In one 
experiment we observed a decline of sensitivity to AC in the second 
lot of intestinal segments sampled from the amesthetised animal 
half an hour after the removal of the first lot. The sensitivity to Ad 
in this case, however, remained unchanged. The only noticeable 
difference between these two lots was that when the first lot of samples 
were taken active peristalsis was seen, whereas at the time of removing 
the second lot the animal was not in good condition and there was no ' 
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peristaltic movement. In subsequent experiments this source of 
error was eliminated altogether by registering the motility .of various 
segments simultaneously in the same bath. During the addition of 
drug solutions care was taken that they should reach the different 
pieces of intestine at the same moment and in equal concentration. 
Fig. 2 is a typical experiment in which the duodenum is seen to be 
more sensitive to AC and least sensitive to Ad. 


I. II. III. IV. 



t t t t 

Pig. 2. — Contractions of duodenum, jesjunum, and ileum. Bath capacity, 
100 c.c. I. 0-04 0 . 0 . of AC, 1 : 400,000. II. 0-06 c.c. of same. III. 0'4 c.c. of Ad, 
1: 100,000. rV. 5 c.c. of same. 


3. Comparison of the Action of AC and Ad with other Drugs. 

We were next concerned with the comparison of AC action with 
those of other stimulants and of Ad action with those of other de- 
pressants. The first class consisted of choline, pilocarpine, eserine, 
histamine and barium, and the second class of atropine, magnesium, 
and potassium. ^ We found that' the excitability of intestinal Muscle 
to these agents is somewhat different from those described above for 
AC and Ad. As the difference is only quantitative rather than being 
qualitative, three criteria may be used for comparison : (a) the criterion 
described in the last section, viz. the threshold concentration; {b) the 
relative c ange of amplitude or tone in response to the drug action; 
and (c) the period of persistence of the effect. The last two measure 
the intensity of the response. 
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(a) TJiTEsTiold Concentration , — The miniinal effective concentration 
of barium chloride is practically the same for the upper and lowr 
segments. This is well illustrated in fig. 3, in which the dosage of 
stimulants has been so adjusted as to exert a comparable elevation 
of tone in the duodenum (i.e. 1 ndth 3 and 2 with 4). It will be seen 
that while the ileal response to AC in 1 is far from being significant, 
its response to barium in 3 is quite marked. This would mean that, 
unlike AC, the whole length of small intestine is equally sensitive to 
barium. 

(b) Amplitude and Tone. — ^The response of the intestinal muscle 
to a stimulus is manifested in various ways; it may be an increase of 
amplitude, or a rise of tone, or a mixture of the two. Fig. 3 shows the 
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¥ig, 3. — Contractions of duodenum (upper curve) and ileum (lower curve). Bath 
capacity 100 c.c. At arrow 1, 0-08 c.o of AC, 1 : 400,000. At arrow 2, O-l o.o. of Bajne. 
At arrow 3, 0-005 c.o. of 5 per cent. BaCl.. At arrow 4, 0-008 c.c. of same. 


tone response of both the duodenum and ileum to AC and barium. 
While the increase of tone of the ileum is smaller than that of the 
duodenum in response to. AC (1 and 2), it, is of the same order of 
magnitude on barium stimulation (3 and 4). Fig. 4 shows a preparation 
in which there was hardly any change in tone, but the amplitude of 
contraction of the duodenum increased enormously on giving a moderate 
dose of stimulant. The increase of amplitude of the ileum was, 
however, insignificant. This latter phenomenon may be due to the 
fact that the contraction of this segment had already approached a 
maximum before the addition of the drug so that a further increase 
was difficult. However, it can still be seen that the relative increase 
of amplitude of the ileuin was smaller after AC (2 and 3) than after 
barium (1). 

(c) The Period of Persistence of the Effect.^When the intestme is 
stimulated with a small dose of AC, the effect passes away quickly. 
With a bigger dose, the contraction of the upper segments undergoes 
augmentation for a considerable length of time; the effect on the ileum 
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hWever/ is quite transitory. TMs, however, is not the case with 
barium as a stimulant. Eig. 4' compares the period on ^persistence of 
the stimulant action of AC (2 and 3)* and barium (1) on the ileum. The 
stimulating action of barium on the ileum is quite as long as on the 
duodenum. . ^ 

A consideration of the evidence adduced ^'bove warrants the 
conclusion that the response of intestinal muscle to barium differs 
from that to AC in showing absence of a gradient of excitability. 



1. . 2. 3. 


Fia. 4, — CSontractions of duodenvun (upper curve) and ileum (lower curve). 

Bath capacity 100 c.o. At arrow 1, 0-003 c.o. of 6 per cent. BaCl 2 . At arrow 2, 
0-065 c.o. of AC, 1 ; 400,000. At arrow 3, 0-13 o.c. of same. 

We have alto tested a few of .the other common stimulants. Pilo- 
carpine hydrochloride in a concentration of O-OS mg./I. and upward 
caused a strong and long-lasting stimulation of both the duodenum and 
ileum. Physostigmine salicylate {0-1 mg./I.) raised the tone of both. 
Histamine dihydrochloride (about 6 mg./l.) also stimulated both upper 
and lower segments of the intestinal muscle. The effect of choline 
chloride (0-1 mg./l.) was slow and long-lasting and of approximately 
the same magnitude in the duodenum as in the ileum. It is remarkable, 
therefore, that among the drugs tested only AG shows some topo- 
graphical difference in action on the intestine, whereas the other 
parasympathomimetic drugs whose actions are so akin to AC failed to 
exhibit a similar phenomenon. Similarly the actions of intestinal 
epressants other than' Ad so far studied — ^potassium chloride, 
magnesium chloride, and atropine sulphate — all acted about equally 
on aU segments of the intestine (fig. 5). The action of atropine is unique 
in a m a single large dose inhibition occurred, but if the dosage 
was gra ua y increased from a minimum a much higher concentration 
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could be tolerated without diminishing the tone and amplitude of 
contraction. ^Mter atropine, the threshold to AC stimulation was 
enormously raised and_ the gradient of excitability to this drug 
disappeared. 




f' 


1 . 2 . 

Fig. 5. — Contractions of duodenum, jejunum, and ileum. Bath capacity 
100 C.C. At 1, 2 c.c. of 2-4 per cent. KCl. At 2, 0-5 c.c. of Ad, 1 : 100,000. 


4. Factors Affecting the Gradient of Excitability to AG and Ad. 

We must admit that the gradient of chemical excitability was not 
a uniform feature in our experiments (see Table I.). In some cases 
the sensitivity "of the different intestinal segments to AC and Ad was 
.more or less similar and in rare cases the lower level was more excitable 
to AC than the upper level. This divergence from the gradient ma}' 
in some way be related to the disturbance of functional balance of the 
intestine. Alvarez and Hosoi [1929 6] reported that the gradient of 
electric excitability of the intact intestinal muscle was unstable and 
could be reversed by previously irritating the distal end of the ileum. 
In a few experiments we have tried to reproduce this effect by injecting 
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oil of turpentine into the sacculus rotundus. After two to five days 
the animal was sacrificed and segments of intestine were removed for 
observation as usual. In some instances we found that ileum was not 
more sensitive to Ad than duodenum, but in no case was the phenomenon 
of reversal observed. 

Some incidental observations lead us to believe that the. method 
of obtaining the intestine might have played, a role in determining its 


D 
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Fig. 6. — Contractions of the previously asphyxiated duodenum, jejunum, and 
ileum, 1, 0-08 c.c. of AC, 1 : 400,000; 2, 0-0025 c.c. of 6 per cent. BaClj; 3, 2 c.c. 

of Ad. 1 : 100,000, 

subsequent sensitivity. If one killed the animal according to the 
conventional method by a bloiv on the head with a hammer and 
removed the intestines from the carcase, the tissue was found under 
profound inhibition and asphyxia. Such segments, although able to 
recover motility in the Avarm aerated solution subsequently, were 
mostly abnormal in behaviour. The material used in the experiment 
shown in fig. 6 Avas obtained iii this Avay. It Avill be seen that not 
only the gradient of chemical excitability has been upset, but the 
difference in the rhythm of the upper and loAver segments also vanished. 
A closer examination of the record reveals that the rhythm of the 
Ueum Avas actually higher than that of the duodenum and so Aims the 
intensity of reaction to AC, suggesting a positive correlation betAveen 
rhythmicity and chemical excitability. It has been pointed out above 
t rat the sensitivity of intestine muscle to AC Avas diminished Avhile the 
amma Avas under prolonged anaesthesia and in a bad condition. Taking 
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the evidence together it becomes quite possible that such factors as 
asphyxia and shock are able to damage the characteristics of chemical 
excitability of the muscle. A longer period of asphyxia, as has been 
pointed out by Ascanio and Alvarez [1929], is detrimental even to the 
subsequent recovery of motility. 


Discussion. 

The present investigation offers evidence to show that there is a 
gradient of excitability of the intestinal smooth muscle to AC and Ad, 
and that the action of other stimulants and depressants is about 
uniform in intensity on this muscle. This finding of a gradient of 
chemical excitability to particular drugs is not entirely a novelty. 
Alvarez [loc. cit.] has already observed that the period of persistence of' 
the inhibitory action of adrenaline was longer in the lower part than 
in the upper part of the rabbit'isolated’ intestine. But he explained it 
as indicating a higher irritability of the 'upper segments which were 
more ready to recover from the inhibition. ' This, however, can 
' hardly explain the inhibitory action of potassium. Bernheim [1934] 
reported a higher sensitivity of rat’s ileum to adrenaline, but was not 
able to confirm it in the rabbit’s intestine. No one, however, seems 
to have taken notice of the gradient in sensitivity to acetylcholine. 
This is probably due to the fact that the AC gradient most easily 
deteriorates in the process of preparation of the intestine, a fact already 
alluded to. Parallel with the rapid loss of excitability to AC we have ' 
recorded the initial decline of rhythm of the isolated duodenum. .When 
the order of rhythm was reversed, the excitability to AC was reversed 
too (fig. 6). The last two facts suggest some relationship between the 
relative rate of rhythmicity and excitability to AC. 

One may proceed to offer some explanation for this difference of 
excitability to AC and Ad in the Magnus bath. Three possibilities 
need be considered. (1) The rate of inward diffusion of drugs into the 
muscle tissue may be different. There is little data pertaining to the 
permeability of the intestinal serosa to AC and Ad. However, this is 
probably not an important factor since it is not known that a membrane 
more permeable to AC is less permeable to Ad. (2) The rate of destruc- 
tion of drugs in the tissues may be different. This is suggested by the 
long-lasting effect of AC on duodenum muscle in contrast to its short- 
lived action on ileum (fig. 4). If it could be demonstrated that the 
duodenum muscle contains more amine exidase, or other enzyme system 
capable of destroying adrenaline, and that the Ueum muscle contains 
more choline esterase, or other mechanism capable of hydrolysing or 
~ oxidizing AC, the phenomenon is easily explained. Unfortunately 
there is no available information on this point. Bernheim [1934] 
ventured to infer that the intestinal muscle is devoid of choline esterase. 
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This seems unlikely in view of the abundance of choline content of the 
intestine [LeHeux, 1919, quoted by Henderson and Roepke, 1937J. 
However, the question can easily be settled by actual determination, 
(3) The reactivity of muscle cells of the different segments may differ. 
It is conceivable that the smooth muscle fibre of the upper end of the 
small intestine is slightly different in nature from that of the lower end. 
The differences in their rates of contraction, and in metabolism and 
electric excitability being known, a difference in chemical excitability 
is not improbable. The positive correlation between rhythm and 
excitability to AG is an evidence for this hypothesis. 

It is generally taught that autonomic drugs such as adrenaline, 
pilocarpine, and atropine'act on the “receptive mechanism,” while direct 
stimulants such as barium act on the “responsive mechanism.” Acetyl- 
choline is believed to belong to the former class. The present results, 
however, do not seem to show any difference in the general reactivity 
of the two mechanisms between upper and lower part of the intestine, 
since their response to most autonomic drugs as Avell as to direct 
stimulants and depresents are about the same, but, on the other hand, 
they do raise a sharp distinction between chemicals capable of being 
produced in the body and those of foreign origin. This is probably 
more of physiological than of pharmacological significance. -So far as 
the exact mechanism of excitation and inhibition is unknown it can 
only be conjectured that each chemically distinct drug has its own way 
of working into the mechanism of cellular function. 

From the standpoint of animal economy, an opposite gradient of 
sensitivity to AC and Ad would imply a relative easiness of the upper 
intestine to undergo excitation and of the lower intestine to undergo 
inhibition. Evidence is at hand that stimulation of sympathetics to 
the small intestine is accompanied by the liberation of Ad or Ad-like 
substance ^[Finkleman, 1930], and that stimulation of the vagus is 
accompanied by the liberation of AC [Bunting, Meek, and Masake, 
1935]. If autonomic impulses take effect only through these chemical 
mediators, the sympathetic control would be more effective in the 
lower part of the small intestine and the parasympathetic more in the 
upper part, hence a better chance for the duodenum to empty its 
contents to the ileum at any phase of autonomic activity. This implies 
of course that the excitability of the muscle tissue around the nerve 
endings also shows the phenomenon of gradient as the muscle fibre in 
general, which is highly probable. However, as no data is available 
regarding the relative number of autonomic nerve endings in the upper 
and lower levels of the intestine, nor of the quantity of the ‘ineuro- 
hormones liberated locally during the autonomic discharge, it is 
impossible to conjecture further into its physiological significance on 
any quantitative ground. By a mere inspection of the intestines, 
owever, the duodenum is evidently more vascular than the ileum. It 
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seems that any substance carried to the muscle by the blood-stream, 
whether a stimulant or a depressant, would have a better chance to act 
on the duodenum.' It is for this reason that we have not attempted 
to confirm our results by intravenous injection. 

Summary. 

1. The motility of the isolated rabbit intestine was registered in 

Tyrode solution. One, two, or three segments sampled from different 
levels of the intestine were used at a time and their response to various 
chemical stimulants and depressants compared. ' 

2. Segments taken from upper levels of the intestine are generally 
more sensitive to acetylcholine, while those from lower levels are more 
senstitive to adrenaline. 

3. This gradient of chemical excitability is easily upset by shock and 
asphyxia of the animal during the preparation of the intestine. 

4. The stimulating action of barium, eserine, histamine, pilocarpine, 
and choline, and the depressing action of atropine, potassium, and 
magnesium are about equal in all the segments. 

0 . The difference in excitability of the intestinal muscle to the 
neuro-hormones is probably an innate property of the muscle fibres of 
the intestine which is closely related to the gradient of rhythmicity of 
the muscle. The possible physiological significance of the phenomenon 
is discussed. 
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One of the most outstanding features of visceral sensation is perhaps 
the primitive character of the nerve connections with the central 
nervous system. Most of the visceral impulses do not seem to reach 
the higher centres of the brain; if they do, they only give rise to a 
sensation of verj’' ill-defined nature. Hence if subjective sensations 
be used as a criterion of sensitivity of the receptor, the digestive tube 
may be said -to be insensitive to many kinds of stimuli that are effective 
in arousing skin sensations. 

The most effective and perhaps most physiological stimulus for this 
organ is the distension of its wall, which, if intense enough, may be 
subjectively perceived as discomfort or pain [Kuntz, 1932]. Experi- 
mentally, various reflexes can be elicited by \d8ceral stimulation. 
Distension of the gastro -intestinal tract is associated with an inhibition 
of the peristaltic movement [Pearcy and Van Liere, 1926; Youmans 
and Meek, 1937], dilatation of the pupil and fall of arterial blood 
pressure [Irving, McSwine 3 ^ and Suffolk, 1937], vaso-constriction of the 
toes and fingers [Carmichael et al., 1939], and so on. Irving, MeSwiney, 
and Suffolk [1937], working on the pupil-dilating reflex, found that while 
distension of the intestines was an effective stimulus, cutting, burning, 
or scraping the intestines gave rise to no response. On the other hand, 
it IS also a familiar fact that mere handling of the exposed intestine is 
sufficient to cause a profound reflex inhibition of the whole length of 
intestine.,. Apparently most of the intestinal afferent impulses, though 
unable to reach the brain, can still call- forth responses of the intestine 
Itself through a shorter reflex arc. Indeed it has been shown that 
intestinal inhibition from distension can occur in the absence of 
ex rmsie nerves [Youmans, Meek, and Herrin, 1938] and this is ascribed 
0 en eric conduction. In the present investigation, only the reflex in 
refl been studied. As ivill be seen later, the inhibitory 

itself ^0 ^ variety of stimuli applied directly to the organ 

spinal T its afferent nerves, and is perhaps a function of the 

voi centres. The mode of fibre connections concerned 
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seems that - any substance carried to the muscle by the blood-stream, 
whether a stimulant or a depressant, would have a better chance to act 
on the duodenum.' It is for this reason that we have not attempted 
to confirm our results by intravenous injection. 

SUMJIARY. 

1. The motility of the isolated rabbit intestine was registered in 
Tyrode solution. One, two, or three segments sampled from different 
levels of the intestine were used at a time and their response to various 
chemical stimulants and depressants compared. 

2. Segments taken from upper levels of the intestine are generally 
more sensitive to acetylcholine, while those from lower levels are more 
senstitive to adrenaline. 

3. This gradient of chemical excitability is easily upset by shock and 
asphyxia of the animal during the preparation of the intestine. 

4. The stimulating action of barium, eserine, histamine, pilocarpine, 
and choline, and the depressing action of atropine, potassium, and 
magnesium are about equal in all the segments. 

5. The difference in excitability of the intestinal muscle to the 
neuro-hormones is probably an innate property of the muscle fibres of 
the intestine which is closely related to the gradient of rhythmicity of 
the muscle. The possible physiological significance of the phenomenon 
is discussed. 
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I. II. III. IV. 

Fia. 1. — ^Dog. Morphine-ethor-chloralose anasthesia. J., motiUty of jejunum; 
B.P., blood pressure. I. Another loop of intestine distended with warm saline 
at 30 mm. Hg. H. Manipulation of another loop of intestine with hand. III. 
Stimulation of the central end of the divided mesenterio nerve. Coil distance 
at 9 cm. IV. Stimulation of the central end of the right vagus. Coil distance 

5 cm. 
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Jeinmim ®^°y*l“®'®*^®''-eWoralosa anesthesia. Double adrenalectomy. 

mty. At signal another loop was Hushed inside with saline at 54“ C. 
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in the local sympathetic reflex has further been investigated and will . 
also he presented in. this paper. 

ExpEEijiENTAii Method. 

Adult dogs of both sexes were used. They were anaesthetised with 
ether after which chloralose (0-05 g. per kg.) was injected slowly into 
the saphenous vein. In most experiments 4 mg. morphine per kg. was 
given subcutaneously half an hour beforehand in order to enhance 
intestinal motility. After the insertion of tracheal and arterial cannul® 
the abdomen was opened, and the motility of a desired segment of the 
small intestine was registered by the balloon method. Sometimes two 
balloons were used in order to record the motility of two segments 
simultaneously. Another loop of intestine was then pulled but and 
isolated from the rest by stout ligatures. It was then either connected 
through rubber tubing to a s3Tinge for varying the intra-intestinal 
pressure or so arranged that saline of desired temperature and com- 
position could be run through the lumen without at the same time 
affecting the pressure. Care was taken not to disturb the intestine 
during the application of the desired stimulus. In most experiments, 
however, the mesenteric nerve from a loop of intestine was also severed 
and its central end stimulated by the tetanic current, using a Du Bois 
Reymond inductorium (Palmer) with 8 volts in the primary. This 
mode of stimulation had the obvious advantage of being under 
quantitative control, though with no reference as to what sensory 
fibres are stimulated. 

Results. 

After administration of morphine the segmentation movements of 
the intestine were usually very active and regular during the early 
part of the experiment, if ansesthesia wms deep enough and the intestine, 
if exposed, was kept warm and moist. When another loop of small 
intestine was handled, cut with scissors, distended with air or saline, 
or flushed with hot saline above 50° C., segmentation movements 
immediately diminished in size or entirely disappeared (figs. 1 and 2). 
The stimulation of the central end of the mesenteric nerve produced 
the same effects. On occasion we used several balloons to record the 
motility of several loops of intestine simultaneously. We found that 
the inhibition occurred with the same intensity from the lower part 
of duodenum to the ileum. Coincident with the intestinal inhibition 
the arterialblood pressure was also raised. 

However, if intestinal movement was poor, as was usually the case 
when no morphine was given beforehand, no further inhibition could 
be nroduced by sensory nerve stimulation. In fact, a quiescent intestine 
• bt develop peristaltic contractions on afferent mesenteric stimula- 
pjjjg is more so with the ileocecal sphincter. On the other hand, 
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Fig. 3. — Dog. Ether-ohloralose antcsthesia. Record from above downwards: 
motility of ileum, of I-C sphincter, blood pressure, signal for stimulation of central 
end of mesenteric nerve, time in 10 seconds. Between I. and II. 2 mg. morphine 
per kg. was injected subcutaneously. 



I- II. in. 

. — ^I^og, Morphine-ether-chloraloso anffisthesia. Spinal cord transected 

nrst thoracic. I. Intestinal motility. Another loop of intestine was distended 
i. and manipulated at II. Stimulation of central end of mesenteric nerve at 
III. Coil distance 9 cm. 
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if the intestinal movement was active but the ileocecal sphincter was 
quiescent, the stimulation of the central end of a mesenteric nerve 
always caused reflex inhibition of the intestine but contraction of the 
sphincter. After the administration of morphine or barium chloride, 
which increased the tohe of the sphincter, the reflex response of the 
latter to mesenteric afferent stimulation . also changed into inhibition 
(fig. 3). This change seems to depend solely on the muscular tone and 
does not' involve two different nerve pathways. For the present {hey 
will be collectively referred to as the intestinal inhibitory reflex. 

We have also stimulated other afferent nerves of somatic as well as 
visceral origin: the vagus, the pelvic, and the saphenous or sciatic. 
Only stimulation of the central end of the pelvic nerve gave a result 
comparable with that of stimulation of the mesenteries. But the reflex 
excitability in the former case was much low'er. The stimulation of 
the central stump of the saphenous or vagus commonly induced reflex 
augmentation of intestinal motility which persisted after section of 
both vagi. With very strong currents central stimulation of the vagus 
caused a delayed inhibition, which may be due to the discharge of 
adrenaline (fig. 1). 

The intestinal inhibitory reflex persisted after bilateral vagotomy, 
adrenalectomy, and transection of the spinal cord at the upper thoracic 
level (fig. 4). However, it was abolished by cutting the splanchnic 
nerves. The evidence thus obtained indicates that the reflex centre 
lies in the spinal cord below the upper thoracic level and that either the 
afferent or efferent or both pathways are contained in the splanchnics. 
That the latter nerves contain visceral afferent fibres has already 
been abundantly demonstrated [cf. Bain, Irving, and MeSwiney, 1935]. 
There is evidence that the abdominal vagus also contains such fibres. 
But according to Irving, MeSwiney, and Suffolk [1937] the sensory, 
innervation of the jejunum and ileum of the cat is mainly splanchnic. 
Our results on the dog have ruled out the vagus as an important sensory 
channel from the intestines, as the reflex remained unaltered after 
cutting the vagi. In all probability, therefore, both the afferent and 
efferent pathways are contained in the splanchnics. 

The postganglionic station in the efferent path is situated in the 
coeliac and mesenteric plexus, since painting them with nicotine 
solution abolished the reflex completely. 

The dorsal and ventral roots concerned in this reflex were explored 
by successive dmsion from above downwards and from below upwards, 
the reflex being tested after cutting each pair. The results showed that 
the afferent paths enter the cord via dorsal roots between the seventh 
thoracic and first lumbar, and that the efferent paths leave the cord 
via ventral roots between the eighth thoracic and first lumbar. TJie 
last two thoracic roots seem to contain the greatest number of fibres 
to and from the small intestine since their section resulted in tlie 
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proper functioning of the isolated segments. This was accornplished 
by cutting the nerve tissue with silk ligatures around the cord and 
removing them shortly afterwards in order to re-establish blood 
circulation. In successful experiments the reflex remained either 
unaffected or only slightly diminished in size after the operation. 



Fig. 6. — Dog. Moiphine-ether-chlorolose anEESthesia. Double vagotomy. 

' Inhibitory reflex before and after dividing dorsal roots on the right side and ventral 
roots on the left side from Tg to'Lg. Mesenteric stimulation at signal. First 
stimulation: Coil distance, 9 cm. Second stimulation : Coil distance, 5 cm. 

From the results presented above it can be concluded that most 
fibres of the afferent neurone of the local intestinal reflex arc are con- 
nected with the efferent neurone of the same side and same segment; 
relatively few cross to the opposite side or ascend or descend in the 
cord. 


Discussion. 

The intestinal reflex described in the present communication has 
both its afferent and efferent fibres in the splanchnic nerves, and is 
essentially a function of the spinal sympathetic centres, for both the 
inhibition of intestinal muscle and excitation of the ileocecal sphincter 
are signs of sympathetic discharge. The spinal roots concerned in the 
reflex as found by our methods are in no wise different from those 
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greatest loss of the reflex activity. 'Ho segmental difference was 
observed between the jejunum and ileum- as regards both sensory and 
inhibitory fibres. 

The question as to whether the reflex is a crossed one was attacked 
by cutting both dorsal and ventral roots on the same side in one set of 
experiments, and in another set the dorsal roots on one side and ventral 



j-jg. 5 , ^Dog. Jlorphino-ethor-chloraloso antcsthesia. Double vagotomy. 

Inhibitory reflex before and after cuttmg the spinal roots from T, to L, on the 
right side. Mesenteric nerve stimulation at signal. Coil distance, 9 cm. 
“ Stimulation time, 5 seconds. 


roots on the other side were sectioned. The intensity of reflex activity 
was diminished by about one-half by the former procedure (fig. 5), but 
disappeared entirely by the latter (fig. 6). This suggests that the reflex 
is essentially an uncrossed one. 

In another series of experiments the cord was divided transversely 
between each pair of spinal nerves from Tg to L,, so that the ascending 
and descending fibres in the cord were severed, but the reflex arc in 

h eament was intact. In these experiments it was essential that 
the blood supply of each segment must be kept intact in order to ensure 


THE EFFECT OF ASCORBIC ACID (VITAMIN C), CALCIUM 
ASCORBATE, AND CALCIUM GLUCONATE ON THE 
REGENERATION OF BONE IN RATS. By Geoffrey 
Bottrne, MacKenzie MacKinnon Research Fellow of the 
Royal College of Physicians of London and the Royal College 
of Surgeons of England. University Laboratory of Physiology,’ 
Oxford. 

{Seceived for publication 26th January 1942.) 


There is abundant evidence in the literature that vitamin C is associated 
with the production and maintenance of collagen fibres [Watanabe, 
1924; Wolbach and Howe, 1925, 1926; Mazoue, 1937; Jeney and TSrO, 
1938; Qu4rido and Gaillard, 1939; Hunt, 1941]. 

Since bone possesses a fibrous collagenous-like matrix it is reasonable 
to expect an imperfect regeneration of bone in scorbutic animals. 
This has been shown to be. a fact [Ferraris and Lewi, 1923; Israel and 
Frankel, 1926; Kappis, 1927; Schilozew, 1928; Salter and Aub, 1931; 
Roegholt, 1932; J4ney and Korpassy, 1934; Hertz, 1936; Ham and 
Elliott, 1938; Klein, 1939]. 

This experimental work is supported by numerous clinical observa- 
tions [e.g. Mead, 1762; Marrigues, 1783; Collisen, 1798; Hammick, 
1830; Budd, 1840; Moore, 1859; Lobmayer, 1918, etc.]. 

The next question to be considered is whether the regeneration of 
hone can be accelerated by the administration of amounts of vitamin C 
in excess of that needed to saturate the organism with the vitamin. 
It seems unlikely that this would be so, because excess vitamin C is 
rapidly excreted in the urine. 

Halasz and Marx [1932] appear to have first studied this problem 
m guinea-pigs. They fed their animals on a diet which was rich in 
vitamin C, and in addition they administered lemon juice daily with a 
pipette. They found no radiographic or microscopic evidence that the 
healing of the fracture was accelerated. On the other hand. Lexer 
[1939] found that in three groups of guinea-pigs which received (i) a 
normal diet, (ii) a normal diet and extra vitamin C, and (iii) a diet 
eficient in vitamin 0, the healing of fractures as determined by X-ray 
examination was best in group (ii) and worst in group (iii). 

Hanke [1935] found that vitamin C injected into rabbits (which 
are usually regarded as being able to synthesise the vitamin and 
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described by previous workers. The 'more interesting point is the fact 
that sensory stimulation of the vagus and sciatic was not able to call 
forth the same response as mesenteric stimulation. This is perhaps 
contradictory to the statement that the small intestine undergoe.s 
inhibition on stimulating any afferent nerve. The nature of fibre 
connections in the cord farther shows the primitiveness of this reSex, 
which is ipse-lateral and homosegmental. If analogy can be drawn at 
all between' the visceral and somatic reflexes, this reflex is probably a 
counterpart of the myotatic reflex so far as the simplicity of the arc 
is concerned. How'ever, while the latter reflex serves some purpose in 
maintaining posture of the body as a whole, the former reflex is probably 
merely protective in nature — this is, irritation of one part of the intestine 
prevents. the passage of food through other parts so as to avoid over 
distension of the already congested gut. 

SUMMARV. 

1. Stimulation of a loop of small intestine by pressure, heat, 
mechanical injury or electrical stimulation of its afferent nerve causes 
an inhibition of the whole intestine. It is a reflex response and is 
independent of the vagus and of the adrenal gland. 

2. The reflex centre lies in the lower part of the thoracic and upper 
part of the lumbar cord. Afferent fibres enter the cord via dorsal roots 
from the seventh thoracic to the first lumbar segments. Efferent fibres 
leave the cord via ventral roots from the eighth thoracic to the first 
lumbar segments. 

3. The fibre connections in the spinal cord was also investigated. 
It is found that most of the afferent fibres do not cross to the opposite 
side, nor ascend or descend in the cord, but make connections with the 
efferent neurones in the same side and same segment of the cord. 


REFERENCES. 

Bats, W. A., lamm, J. T., and McS\vikev, B. A. (1935). J. Physiol. 84, 323. 
CABincHAEi., E. A., Doote, J., Harpee, a. a., and McSwixev, B. A. (1939). 
Ibid. 95, 276. 

Ieving, j. T., aicSwiNEY, B. A., and Suffolk, S. P. (1937). Ibid. 89, 407. 
KuKTZ,' A, (1932). Pfic Attionomic Nervotts System. Philadelphia. 

Peakcy F., and Van Lieee, E. J. (1926). Amer. J. Physiol. 64, 126. 
YotmANS, W. B., and IVIeek, W. J. (1937). Ibid. 120, 750. 

Youmans,' W. B., Meek, W. J., and Hekbin, R. C. (1938). Ibid. 124, 470. 



The Efiect of Ascorbic Acid on Regeneration of Bone in Rats 321 

It is difficult by these methods, however, to obtain fissures of the same 
size. It was decided in these experiments, in order to obtain exactly 
comparable areas for regeneration to take place, to use a dentist’s 
t\vist drill of standard size and to bore in each case through the cortex 
of the bone into the medulla. Thus in a few minutes it was possible 
to obtain a series of lesions of identical size and shape. 

The animals used in the present experiments were white rats of 
Glaxo, or Glaxo descended, stock, their body-weights varied between 
70 and 130 g. Twenty-four hours before operation the hair from the 
whole^ of the hinder portion of the body, and of the outer surfaces of 
the hind legs, was removed with the aid of barium sulphide. Immedi- 
ately prior to the operation the skin so exposed was painted mth 
tincture of iodine or with a 1/1000 solution of acriflavine, and just 
before an incision was made the skin was washed with ether. 

The rats were anajsthetised with nembutal, and were secured on 
a specially designed operating board which consisted of a rectangular 
block of wood fastened upon a flat board. The hind quarters of the 
animal were placed upon the block. The legs were secured by cords 
attached to two screws placed behind and to the side of the block.’ 
The thorax of the animal was held firmly to the flat board by a piece 
of cloth with drawing-pins. In such a position the animal was firmly 
held and the block acted as a support for the femurs whilst they were 
being drilled. Once secured on this board, the rat was placed in such 
a position that by making a skin incision in each leg, snipping through 
the subcutaneous connective tissue, and pushing the muscles to one side, 
the femur can be exposed. There was a negligible amount of bleeding 
at this stage. An electrically driven, 1 mm. diameter, dentist’s twist 
drill was used to bore a hole approximately in the centre of the shaft 
of each femur. Penetration of the cortex of the bone resulted in a 
hsemorrhage from the marrow, but a small piece of cotton-wool left 
m contact with the hole for a few seconds after drilling stopped the 
bleeding. A single stitch of silk thread served to secure the fascia, 
and the skin wound was closed with one or two “Michel” clips, which 
were removed 3 days after the operation. The whole operation was 
performed using strict aseptic precautions, because, although the rat 
generally is not susceptible to pyogenic infections, bone does appear to 
be more easily infected than other rat tissues. In two cases slight 
suppuration of the skin wound was observed, probably due to post- 
operative infection, but in no case was any infection of the bone found 
to be present. 

Immediately following the operation the animals were injected 
^th the various test substances, and the injections were continued 

aily. Controls were given normal saline. After operation and first 
injection the animals, while stiU under the influence of nembutal, were 
wrapped in cotton-wool and placed together in a box with hot-water 
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therefore as being saturated with it) accelerated bone regeneration 
after resection. He found also that rabbits on a vitamin C free diet 
eventually regenerated resected bone, but did so only very slowly. 

Giangrasso [1939 a] found that daily subcutaneous injections of 
10 mg, of vitamin C into rabbits with a fractured forearm caused an 
increase in the rate of healing {radiographic and microscopic evidence). 
In another series of experiments [1939 b] he found injection of vitamin C 
more effective than injections of vitamin D. In a third paper [1939 c] 
he suggested that large doses of vitamin C (100 mg. a. day) slightly 
retarded healing in the beginning, but that this action rapidly passed off. 

None of the authors who have investigated the 'influence of extra- 
saturation vitamin C on fracture healing appear to have subjected their 
results to a statistical analysis, or indeed to have used methods which 
lent themselves to such an analysis, although Hanke has published 
some rather convincing X-ray photographs. An attempt has been 
made in the experiments recorded here to obtain an accurate estimation 
of the ability of various substances to accelerate bone regeneration. 

, - Technique. 

Varying techniques have been used for studying the regeneration of 
bone. In general, fracture of a bone, whether it be fracture of the 
femur [Israel and Prankel^ 1926; Schilozew, 1928; Halnsz and Mar.x, 
1932], fracture of the radius and/or ulna [Giangrasso, 1939], fracture of 
metatarsal bones [Otsuki, 1927; Emori, 1927], or fracture of the ribs 
[Moritsch and Krammer, 1929; Perraris and Lewi, 1923; and Emori, 
1927], is unsatisfactory for an accurate comparative study of the 
regeneration of bone. The reasons for this are that it is impossible to 
control the amount of trauma caused by each fracture, and if an 
injured Bmb has to be kept in splints or plaster to support it, and to 
keep the broken ends in apposition, these are rapidly gnawed off by* 
the animals. Hertz [1936] has controlled most of these variables by 
the introduction of the fracture forceps and by its use to fracture the 
fibula of rats and guinea-pigs. One advantage of this method is that 
the leg does not require splinting, because the tibia supports the broken 
bone and the ends of the fractured bone are kept more or less in 
alignment by the surrounding soft tissues. Even so, it must be difficult 
to control adequately the trauma and the alignment of the broken 
ends, as well as the nature of the break. 

Other workers have, by aseptic techniques, sawn through bones; 
and Vara Lopez [1928], in the case of an ulna treated in this way, 
rendered the two ends of the sawn bone immovable by suturing the 
Umh into the muscles of the chest wall. Watanabe [1924] sawed a 
W1 fissure in the cranium, and Wolbach and Howe [1925, 1926] used 
a small circular saw to produce fissures in the femur of the guinea-pig. 
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At the conclusion of the experimental period the animals wke 
killed with cldoroform, the femurs were rapidly dissected out and fixed 
in 10 per cent, acetic acid containing 10 per cent, silver nitrate in 
dark bro^vn bottles for 12 hours. This reagent was used because 
it was hoped to use them later for a cytological study of the distribution 
of vitamin C in the callus. After 12 hours the femurs were removed 
from the fixative, washed for an hour in distilled water, and then 
placed in 10 per cent, trichloracetic acid for 36 hours in order to 
decalcify them. They -were then w'ashed, dehydrated, and embedded 
in wax for standard periods of time. The use of standard times for 
these processes is essential, otherwise one gets variable shrinkage of 
the trabeculse which have formed. In addition, all manipulation of 
the femurs from fixing to embedding -was carried out in standard-sized 
bottles, one femur to each bottle, and a standard volume of fluid was 
used in each case. Serial sections were made through the hole which 
had been bored in the femur and the sections were stained vdth 
hffimatoxylin and van Gieson stains. 

The work recorded in this paper deals with only one phase of the 
healing process, namely, the formation of temporary membrane bone. 
No attempt .has been made as yet to investigate the effects of any of 
the substances injected on the formation of cartilage, on endochondral 
ossification, or on the subsequent remoulding process. Observation of 
the healing process at various times after the boring of the hole were 
made in order to ascertain when would be the most suitable time to 
estimate the degree of healing which had taken place. The amount 
of bony regeneration which had occurred in such a hole was followed 
by killing animals at 3 days, 4 days, 7 days, 11 days, 14 days, and 
18 days after the operation. Immediately the hole has been bored 
there is a haemorrhage from the medulla. The blood, however, clots 
in a few seconds. Two days after the operation, numerous fibro- 
blasts are present in the clot and fine fibres ramify through it. These 
fibres do not stain -with van Gieson and are probably composed of pre- 
collagen. By 4 days, strands of van Gieson staining material make 
their appearance, and finally appear to form themselves into anastomos- 
ing and branching trabeculae. This stage has been reached by 7 days. 
This van Gieson staining material is ossein; it is the equivalent, in 
bone, of connective tissue collagen. Between 7 days and 18 days (the 
latest stage of heahng investigated in this work) the changes consist 
chiefly of the further grooving over and thickening of the periosteum 
and the development of cartilage in the callus. Some specimens 
show what appears to be cartilage formed by the periosteum at 4 days, 
but it is not until very late {e.g. around 18 days) that any appreciable 
amount of cartilage appears in the callus. 

Since by 7 days an appreciable number of bony trabeculse had 
been formed in the region of the hole, this time was taken as the 
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bottles until the next morning. They were given only water to drink 
during this period. The following morning they were placed, each in 
a separate cage. Each cage was of identical size, so that all the rats 
were able to take the same amount of exercise. Each animal received 
as much as it could eat daily of rat cake, milk, greens, and carrots, or. 
if these last two were not available, of dried alfalfa. Two drops of 
halibut hver oil were also given daily to each rat. Weighings of the 
amounts of food eaten by each rat showed that they consumed approxi- 
mately the same amount of the various substances given, and it was 
therefore assumed that the dietary intake of calcium was approximately 
the same in all animals. 

Usually five animals were operated on at the one time and each 
was given a different treatment. One was injected daily with vitamin C, 
one with calcium glucono-galacto-gluconate, a third ^vith calcium 
ascorbate (a calcium salt of vitamin C), a fourth, in some experiments 
only, with separate solutions of vitamin C and calcium glucono-galacto- 
gluconate; and a fifth vdth normal saline. By distributing the animals 
of each series operated on throughout the experimental groups, any 
Uncontrolled, or uncontrollable, variations which occurred at the time 
and which might have weighted the results towards any particular 
group were prevented. 

All test substances were injected subcutaneous!}'. 

The following are the body-weights of the animals of the various 
experimental groups. There is no significant difference between any 
of them. 

Body-weights. 


. Controls. 

Cs ascorbate. 

Ca gluconate. 

Vitamin C. 

Vitamin C and 
Ca gluconate. 

85-8 ± 8-0 

93 0 ± 4-5 

85-3 ± 8-2 

99-0 i 9-6 

97-0 

(three animals 

onhq 


The Ca ascorbate group received 50 mg. of Ga ascorbate a da}'. 
The vitamin C group received the same amount of x'itamin C as was 
contained in 50 mg. of Ca ascorbate, i.e. about 45 mg. The Ca glucono- 
galacto-gluconate group received an amount of calcium equal to that 
present in the calcium ascorbate, namely, about 5 mg. The poup in 
which vitamin C and calcium glucono-galacto-gluconate and vitamin C 
were injected in separate solutions received the same amounts of these 
substances as were contained in the Ca ascorbate — that is, 45 m'g. of 
vitamin C and 5 mg. of calcium. 

Most of the animals used for this work were kept for 1 week 
after the operation. Other experiments were performed in which the 
animals were kept for 3 and for 4 days. 
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conception of an organic’ matrix being first laid down by regenerating 
bone, and this being later followed by the deposition of bone salts, is 
incorrect. According to them the organic matrix and the bone salt 
are laid down simultaneously, and if there is a delay in the deposition 
of bone salt it is an abnormality, and is “almost to be classed as a 
minimal form of rickets.” Urist and McLean found that it occurred 
in some litter mates on the same diet and not in others. They suggest 
that it is due to an “insufficient local supply of bone minerals.” Since 
vitamin G plays an important part in the formation of organic bone 
matrix and since calcium is an essential constituent of bone salt, it was 
considered that calcium ascorbate would be worth trying as an 
accelerator of bone healing. Secondly, the Avork of Buskin [1938] 
suggested that calcium ascorbate was an ideal form in Avhich to* 
administer calcium. He claims .that calcium gluconate is only 3 per 
cent, soluble in water and that Ca ascorbate is almost 100 per cent, 
soluble. The Ca ion content of a 3 per cent, solution of Ca gluconate 
he found to be 0'0014, and that of a 30 per cent, solution of Ca ascorbate 
was found to be 0-0226. This greater degree of ionisation suggested 
that Ca ascorbate would be more easily absorbed by the body tissues. 

To ensure that any effect of the Ca ascorbate on the healing process 
was due. to the injection of Ca as the ascorbate, a small number of 
animals were injected at the same time with separate solutions of 
vitamin 0 and Ca glucono-galacto-gluconate. 

The compound calcium glucono-galacto-gluconate is produced by • 
Sandoz and is a product which has improved solubility over the older 
Ca gluconate. The new product can, according to the makers, be 
obtained in a 30 per cent, solution. No Ca ion content for the various 
concentrations is published. 

Results. 

The following tables summarise the results obtained in this work. 
The trabecular index shoAvn is an average figure obtained from five 
sections taken through the central region of the hole in each femur. 
That is to say, each index represents the average of ten samples. 

Tbabecttlab. Indices. 

Controls. 

Normal saline. 

0-40 
0-47 
0-46 
0-47 
0-33 
0-32 
0-38 
0-42 
0-38 


Mean =0-526 ± 0-0115 , 
Tl =9 


Ca ascorbate. 

0-54 

0-54 

0-52 

0-55 

0-57 

0-55 

0-49 

0-46 

0-51 


Mean =0-402 ± 0-0185 
n =9 
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most suitable for killing the animals. An estimate of the amount of 
trabeculse formed was obtained in the following way. 

The slide bearing the sections through the hole in the femur was 
placed in a projector and the images of the trabeculae (magnification 
X 100) present in a standard rectangular area were traced on to paper 
(see fig. 1). This was repeated in five separate sections of each femur, 
each section being taken at random near, or at, the centre of the hole. 
The standard rectangle of paper on which the trabecxdse had been traced 



Pio 1 . — Projection drawing ( x 32) of a transverse section through the femur of 
a rat. The section passes through the centre of a hole which has been drilled 
one week before. The rectangle of paper (“R”) which mcludes the trahooula: 

IS weighed. The trabeculie are cut out and weighed. The second weight divided 
by the first gives the “trabecular mdei. ” 

was then weighed. Let its weight equal W. With a pair of curved 
scissors the trabeculse were then cut out and weighed (let weight 
equal T). Then T/W gives an index of the amount of bone regenerated 
in the hole. This may be described as the “trabecular index” of 
regeneration. By means of this method it has been possible to obtain 
a series of figures which could be subjected to statistical examination. 

Since rats synthesise their ovm vitamin C and can therefore be 
assumed to be saturated with the vitamin, they were therefore regarded 
ideal animals for testing out by this method the effect of extra - 
saturation vitamin C on regeneration of bone. 

Calcium ascorbate was tried as an accelerator for two reasons. In 
th first place, it has been shown by Urist and McLean [1941] that the 
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This is less than half the amonnt of bone formed by the ascorbic 
acid group, and only a little more than half the amount formed by 
the controls. It is' difficult to imagine that these two substances 
injected in separate solutions into the same animal really do retard 
bone healing. Nevertheless the three results represent those obtained 
in three separate experiments. They were all rats which had been 
members of separate groups of live whicli had been operated on at 
the same time and injected noth different substances; the results 
given by the other members of the three groups are shown below for 
comparison : 


Vitamin C and 

Ca g.-g.-gluconato. 

Ca ascorbate. 

Vitamin C. 

Ca 

g.-g.-gluconate. 

Control. 

N. saline. 

0-25 

0-54 


0-47 

0-45 


0-55 


0-40 

0-47 



0-52, 

0-44 

0-47 


It is obvious that this matter needs further investigation. 

Attempts have been made to estimate' the effects of calcium ascorbate 
at earlier stages of the healing process, that is at 3 days and at 
4 days. Four animals were injected wdth normal saline as controls 
and four were injected with calcium ascorbate for the 3-day experiments. 
The results are tabulated below ; 


Thkbe Days. TKABEctnoAii Iiidex. 


Controls. 

0-066 

0-026 

0-057 

0-071 


Mean 0-055 ± -010 


Ca ascorbate. 
0-066 
0-077 
0-023 
0-065 


Mean 0-058 ± -Oil 


There is obviously no significant difference between these results. 

Four animals were used in the 4-day experiment, two controls 
injected with normal saline, and two animals injected with calcium 
ascorbate. 

I Foub Days. Trabeculae Index. 


Controls. Ca ascorbate. 

0-097 0-059 

0-032 , 0-060 


Mean 0-065 


Mean 0-060 


This result is obviously not significant. 

The results of the 3- and 4-day experiments (although ^from only 
a small number of animals) suggest that if Ca ascorbate has an effect 
VOL. XXXI., XO. 4.— 1942. 23 











Controls 


<=5-698 
P <0-01 


Vitamin C. 


< = 1-423 
P lies between 
0-2 and 0-1 


Ca g.-g.-gluconate. 


<=2-164 
P lies between 
0-05 and 0-02 


Ca ascorbate 


Vitamin C 


<=3-046 

P<0-01 



<=4-807 

P<0-01 


<=0-2147 
P lies between 
0-9 and 0-8 


These results indicate that calcium ascorbate produces significantly 
more bone than that formed in the controls or in those animals which 
were injected with vitamin C or Ca g.-g. -gluconate. The amount of bone 
formed in the vitamin C injected group does not differ significantly from 
that produced by the controls or the calcium g.-g.-gluconate injected 
group. The latter group produces more bone than the controls, and the 
amountformed approaches a significant difference. Possibly if there were 
"a greater number of animals in this group tlie difference may become 
significant. It is interesting that the calcium ascorbate group have 
produced more than the Ca g.-g.-gluconate group, because gluconic acid, 
although without antiscorbutic power, is closely related chemical^ to 
ascorbic acid. 

Three animals were injected with Ca g.-g.-gluconate and vitamin C 
in separate solutions, and they gave tlie following results : — 

Trabecuxab Index. 


Mean 0-223 
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absoi’ption may be vitamin C, although Henry and Kon [1939] found 
that rats on a diet adequate in phosphorus, but low in calcium, did 
not store more calcium if 2 mg. of vitamin 0 were added daily to the 
basal diet. Ruskin, however, appears to believe that the formation 
of calcium ascorbate in the small intestine is a preliminary to the 
absorption of calcium. He has pointed out that. vitamin 0 dissolves 
calcium carbonate with a rapidity second only to fairly strong HCl. 
Ca ascorbate itself is a yellowish white amorphous powder which, 
according to Ruskin, is hygroscopic. One important point about 
calcium ascorbate is that the double bond structure of ascorbic acid is 
unaffected by the attachment of calcium to the vitamin 0 molecule, 
and the vitamin therefore retains its reducing power, and hence its 
.biological activity. 

' Calcium ascorbate has a greater solubility and possibly a greater 
degree of ionisation than even the soluble glucono-galacto-gluconate of 
calcium'. Therefore the present results may be due in part to the greater 
ease with which the calcium is absorbed from the subcutaneous tissues 
when the ascorbate is injected. 

The availability of calcium to the body appears to some extent to 
be dependent upon how much of it is attached to serum proteins. 
Blood serum contains about tlnee times as much calcium as can be 
held in an inorganic solution, due to the fact that an appreciable portion 
of the calcium is attached to the serum proteins. Rusldn and Jonnard 
[1938] showed, by means o^ a refractometer, that if calcium is added 
to blood as the ascorbate, the proteins fixed 0-8 mg. per c.c. On the 
other hand, if the calcium is added as calcium cldoride, only about 
0-4 to 0-5 mg. per c.c. of calcium is fixed by the proteins. If calcium 
gluconate is used, only 0-2 mg. is fixed. 

The evidence available .suggests, therefore, that Ca ascorbate is 
better ionised, more easily absorbed, and results in a higher concentration 
of calcium in the blood than other salts of calcium. This indicates 
that it may be an ideal form for therapeutic injection of calcium salts. 
Support for this contention is given by Ruskin, who claims that it is 
non-irritating by injection whether administered subcutaneously, 
intramuscularly, or intravenously, and that it is well tolerated by the 
gastro-intestinal tract. The same cannot be said of other calcium salts. 
Tor example, Anb [1937] points out that two salts of calcium may be 
used for injection — calcium chloride and calcium gluconate. The use 
of intravenous calcium chloride has numerous disadvantages, among 
wliich may be an occasional thrombosis of a vein, or, if some of it 
happens to be injected extravascularly, great pain and sloughing of 
the affected area are likely to result. Even intramuscular injections of 
calcium gluconate may cause vomiting in the patient, apart from what 
is described as the characteristic calcium effect of a feeling of great 
heat suffusing through the body. Aub points out that calcium salts 
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on the healing /of fractures at a very early stage, the technique used 
is not dehcate enough to detect' it, or an insufficient number of animals 
Vas used in the experiments. Presumably, however, the effects of the 
Ca. ascorbate injections are cumulative,' and after a week they are 
sufficiently advanced to enable a statistical difference to be detected. 

It is po'ssihle that tile injections of vitamin 0, in the 7-daj' experi- 
ments, are slow in bringing about an effect, and that if the injections 
had been continued "for a week longer a statistical increase in the 
amount of bone formed might have been seen in this group also. The 
literature, however, suggests an early effect of vitamin C injections. 
Giangrasso, ,in fact, claims that in rabbits vitamin C exerts an effect 
as early as 3 days after the first injection. 

Discussion. 

The results given in this' paper show that vitamin C in the amounts 
injected does not accelerate the healing of bone in an animal such as 
the rat, which is normally saturated vdth this vitamin. They do 
show, however, -that subcutaneous injections of calcium ascorbate are 
more effective than subcutaneous injections of either vitamin C or of 
calcium glucono-galacto-gluconate in accelerating the regeneration of 
bone in rats. These experiments do not of themselves give any 
indication whether subcutaneous injection of calcium ascorbate is 
better in this respect than simply feeding the rats vith other calcium 
compounds or whether it is better than any of these compounds injected 
intravenously. ' 

It is of interest, however, that, according to Shohl [1939], calcium 
is present in serum in a concentration of only 10-0 to 10-5 rag. per 
100 c.c. of serum, and that unless an animal has been on a calcium 
deficient diet the ingestion of calcium salts produces only a minute 
rise in serum calcium. This rise is so small that for some time it was 
thought not to be significant. 

On the other hand. Bell, Cuthbertson, and Orr [1941] stated that a 
daily consumption bj' grorving rats of dietary calcium up to -SO g. of 
calcium per 100 g. (diy weight) of food increased the weight, the 
calcium content, the bending and twisting strengths, and the thickness 
of the 'Cortex, of their femora. Greater amounts of calcium had no 
effect. An accurate estimation of the calcium content of the diet fed 
to the rats used for this work has not been possible, but approximate 
calculations show that the ' percentage of calcium in their food 
approached the amount in the diet used by Bell el al. 

^ Bats kept on a basal diet supplemented with orange juice have 
been shovm by Lanford [1939] to absorb more calcium from the food 
than the control animals on the basal diet alone. The work of Buskin 
[1938] suggests that the factor in orange juice which aids calcium 
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absorption may be vitamin 0, although Henry and Kon [1939] found 
tliat rats on a diet adeqxiate in phosphorus, but low in calcium, did 
not store more calcium if 2 mg. of vitamin C were added daily to the 
basal diet. Rusldn, however, appears to believe that the formation 
of calcium ascorbate in the small intestine is a preliminary to the 
absorption of calcium. He has pointed out that' vitamin C dissolves 
calcium carbonate with a rapidity second only to fairly strong HCl. 
Ca ascorbate itself is a yellowish white amorphous po%vder which, 
according to Rusldn, is hygroscopic. One important point about 
calcium ascorbate is that the double bond structure of ascorbic acid is 
unaffected by the attachment of calcium to the vitamin C molecule, 
and the vitamin therefore retains its reducing power, and hence its 
biological activity. 

Calcium ascorbate has a greater solubility and possibly a greater 
degree of ionisation than even the soluble glucono-galacto -gluconate of 
calcium. Therefore the present results may be due in part to the greater 
ease with which the calcium is absorbed from the subcutaneous tissues 
when the ascorbate is injected. 

The availability of calcium to the body appears to some extent to 
be dependent upon how much of it is attached to serum proteins. 
Blood serum contains about three times as much calcium as can be 
held in an inorganic solution, due to the fact that an appreciable portion 
of the calcium is attached to the serum proteins. Rusldn and Jonnard 
[1938] showed, by means o^ a refractometer, that if calcium is added 
to blood as the ascorbate, the proteins fixed 0-8 mg. per c.c. On the 
other hand, if the calcium is added as calcium chloride, only about 
0-4 to 0-5 mg. per c.c. of calcium is fixed by the proteins. If calcium 
gluconate is used, only 0-2 mg. is fixed. 

The evidence available suggests, therefore, that Ca ascorbate is 
better ionised, more easily absorbed, and results in a higher concentration 
of calcium in the blood than other salts of calcium. This indicates 
that it may be an ideal form for therapeirtic injection of calcium salts. 
Support for this contention is given by Rusldn, who claims that it is 
non-irritating by injection whether administered subcutaneously, 
intramuscularly, or intravenously, and that it is well tolerated by the 
gastro -intestinal tract. The same cannot be said of other calcium salts. 
For example, Aub [1937] points out that two salts of calcium may be 
used for injection — calcium chloride and calcium gluconate. The use 
of intravenous calcium chloride has numerous disadvantages, among 
which may be an occasional thrombosis of a vein, or, if some of it 
happens to be injected extravascularly, great pain and sloughing of 
the affected area are likely to result. Even intramuscular injections of 
calcium gluconate may cause vomiting in the patient, apart from what 
is desorbed as the characteristic calcium effect of a feeling of great 
eat suffusing through the body. Aub points out that calcium salts 
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should always be injected very slowly, preferably over a period of not 
less than 5 minutes. 

The amount of calcium injected into rats as ascorbate Avas equal to 
5 mg. of Ca, and this was the equivalent of 3-5 g. of calcium injected 
into a 70-kilogram man. McCanee and Widdowson [1939], hoAverer, 
found that the injection 0-186 g. of calcium intravenously was an un- 
comfortable experience, as it Avas accompanied by constant flushings 
and nausea. HoAvever, these authors injected the calcium as the 
gluconate, and it ma5’^ prove possible to inject larger amounts of calcium 
Avith fewer unpleasant results if the ascorbate is used. This is a matter, 
however, for further investigation. 

SuMMAny. 

A neAv technique has been described for the estimation of the poAver 
of a substance to accelerate the healing of bone. 

It has been found by this method that neither vitamin C nor calcium 
glucono-galacto-gluconate in the doses given accelerates'the healing of 
bone in rats on an adequate diet when injected subcutaneously. 

On the other hand, it has been found that calcium ascorbate injected 
subcutaneously into rats does statistically increase the amount of bone 
regenerated by the end of 7 days. 

The vitamin C used for these experiments was Redoxon, Roelie, and 
I am greatly indebted to Roche Products Ltd., not only for the 
vitamin C, but also for making the calcium ascorbate specialty for this 
work at my request. 
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should always be injected very slowly, preferably over a period of not 
less than 5 minutes. 

The amount of calcium injected into rats as ascorbate was equal to 
5 mg. of Ca, and this was the equivalent of 3-5 g. of calcium injected 
into a 70-kilogram man. McCance and Widdowson [1939], however, 
found that the injection 0*186 g. of calcium intravenouslj’’ was an Un- 
comfortable experience, as it was accompanied by constant flushings 
and nausea. However, these authors injected the calcium as the 
gluconate, and it may prove possible to inject larger amounts of calcium 
until fewer unpleasant results if the ascorbate is used. This is a matter, 
however, for further investigation. 

SiJMMAKY. 

A new technique has been described for the estimation of the power 
of a substance to accelerate the heahng of bone. 

It has been found by this method that neitlier intamin C nor calcium 
glucono-galacto -gluconate in the doses given accelerates' the healing of 
lione in rats on an adequate diet when injected subcutaneously. 

On the other hand, it has been found that calcium ascorbate injected 
subcutaneously into rats does statistically increase the amount of bone 
regenerated b}”- the end of 7 days. 

The vitamin C used for these experiments was Eedoxon, Roche, and 
I am greatly indebted to Roche Products Ltd., not only for the 
vitamin C, but also for making the calcium ascorbate speciallj'^ for this 
work at my request. 
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We have been confronted with the necessity of securing accurate and 
enduring control over the blood-supply to the kidney in the living dog, 
and the method which we have finally found satisfactory — an adoption 
of that first described by van Leorsum [1911] in connection -with the 
carotid artery — ^is to enclose the left renal artery within a loop of sldn. 
The deep position and short extent of the artery make it impossible 
to do this by transposing the kidney through the lumbo-dorsal fascia ' 
to the subcutaneous tissue of the loin ; the skin must be taken down to 
the dorsal aspect of the artery before the formation of the renal artery 
loop is attempted. 

The operation is done in two stages. Atropine sulphate, 2 mg., is 
given subcutaneously, ansesthesia induced with chloroform and ether, 
a tracheal tube passed per os and ansesthesia maintained with ether. 
The intubation of the trachea is a precautionary measure, taken because 
of 'the necessity of exposing the lower reflexion of the pleura during 
the subsequent dissection. The animal is laid on its right side and a 
small sandbag placed under the lumbar region. With full surgical 
precautions an incision is made through the skin and superficial fascia 
about 1 cm. to the right of the spinous processes, and extending from 
the leveT of the 13th thoracic spine above to that of the 6th lumbar 
below (see fig. 1). The skin is retracted to the left, the vertebral 
aponeurosis (A, fig. 1) divided longitudinally, the sacrospinalis group 
of muscles (B) is separated from the middle layer of lumbar fascia (C) 
and from the transverse processes (D) of the lumbar^^ vertebrae, and the 
dorsal divisions (E) of the lumbar arteries and veins are divided between 
hgatures. The lateral two -thirds of the sacrospinalis muscles ,in the 
lumbar zone are now removed, and the transverse processes of the 
lumbar vertebrse, L2-L5 inclusive, resected subperiosteally. The 
ventral divisions of the lumbar vessels which are thereby exposed are 
divided between ligatures, and the psoas muscle (F), after separation 
from its fascia (G) and origins, is transected as it reaches the crest of 
the ilium and the anterior part removed. The dissection is now carried 
laterally over the dorsal aspect of the ventral layer of lumbar fascia 
and the transversahs fascia (H) ; and the quadratus lumborum ( J) and 
the dorso-lateral parts of the oblique muscles (K, K') are removed. 
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We have been confronted with the necessity of securing accurate and 
enduring control over the blood-supply to the kidney in the living dog, 
and the method which we have finally found satisfactory — an adoption 
of that first described by van Leersum [1911] in connection with the 
carotid artery — is to enclose the left renal artery udthin a loop of skin. 
The deep position and short extent of the artery make it impossible 
to do this by transposing the kidney through the lumbo-dorsal fascia ‘ 
to the subcutaneous tissue of the loin: the skin must be taken down to 
the dorsal aspect of the artery before the formation of the renal artery 
loop is attempted. 

The operation is done in two stages. Atropine sulphate, 2 mg., is 
given subcutaneously, anaesthesia induced with chloroform and ether, 
a tracheal tube passed per os and anmsthesia maintained with ether. 
The intubation of the trachea is a precautionary measure, taken because 
of the necessity of exposing the lower reflexion of the pleura during 
the subsequent dissection. The animal is laid on its right side and a 
small sandbag placed under the lumbar region. With full surgical 
precautions an incision is made through the skin and superficial fascia 
about 1 cm. to the right of the spinous processes, and extending from 
the leveT of the 13th thoracic spine above to that of the 6th lumbar 
below (see fig. 1). The skin is retracted to the left, the vertebral 
aponeurosis (A, fig. 1) divided longitudinally, the sacrospinalis group 
of muscles (B) is separated from the middle layer of lumbar fascia (C) 
and from the transverse processes (D) of the lumbar vertebras, and the 
dorsal divisions (E) of the lumbar arteries and veins are divided between 
ligatures. The lateral two-thirds of the sacrospinalis muscles in the 
lumbar zone are now removed, and the transverse processes of the 
lumbar vertebras, L2-L5 inclusive, resected subperiosteaUy, The 
ventral divisions of the lumbar vessels wliich are thereby exposed are 
divided between ligatures, and the psoas muscle (F), after separation 
from its fascia (G) and origins, is transected as it reaches the crest of 
the ilium and the anterior part removed. The dissection is now carried 
laterally over the dorsal aspect of the ventral layer of lumbar fascia 
and the transversahs fascia (H) ; and the quadratus lumborum ( J) and 
the dorso-lateral parts of the oblique muscles (K, K') are removed. 
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By means of a series of silk sntnres -passed, on the one hand, tkrougli 
, the deeper layers of the skin 2 to 3 cm; from its edge and, on tlie other, 
V around the left crus of the diaphragm (L) and through the psoas fascia, 
the skin is fixed' along and adjacent to the rentro-lateral surfaces of the 



Pig. 1. — Diagrammatic transverse section of the posterior abdominal •wall (left) 
at the level of the third lumbar vertebra in the dog. A, vertebral aponeurosis. 

B, sacrospinalis muscles. C, middle layer of lumbar fascia. D, transverse 
process. E, dorsal divisions of lumbar vessels. F, psoas muscle. G, psoa.s 
fascia. H, transversalis fascia. J, quadratus luraborum muscle. K, K', dorso- 
lateral parts of external and internal oblique muscles. L, left crus of diaphragm. 

M, I?, O external oblique, internal oblique, and transvorsus muscles. P, peri- 
toneum.’ Q, kidney. R, renal arterj-. S, renal vein. T, aorta. U, inferior 

vena cova. 

bodies of the lumbar vertebrae (fig. 2). The skin edges are then approxi- 
mated by a series of silkworm-gut sutures (W). This completes the 
first stage, the renal artery (R) now Ijdng undisturbed immediately 
beneath the skin and the thin layer of psoas fascia (fig. 2). 

Some weeks later, at a time when the skin over the floor of the 
concavity in the left flank has become freely mobile on the superficial 
fascia, the second stage— -the formation of the renal artery loop— is 
undertaken (see fig. 3)- Again under ether anrestliesia and with full 
surgical precautions an incision about 5 cm. long is made through the 
skin superficial and deep fascire, beginning some half-centimetre anterior 
to the OTigin of the renal artery and passing in a ventro-posterior 
direction paraUel to the artery’s course. The Iddney is separated from 
the •neritoneum, the renal artery isolated, and the kidney is slipped into 
^ pocket between the skin and the lumbo-dorsal fascia (fig. 3). During 
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the isolation of the artery the renal ner%’'es nia}’' Ijo divided or no as 
desired; if the latter, the renal artery is carefully dissected from tire 
surrounding nerves and these are left in company ydih the renal vein. 
A second incision is now made tlirongli the shin parallel to and some 


Fio. 2. — To show the completion of tho first stage. 6 to U as in fig. 1, g.v. 

, tv, skill sutures. 

1'5 cm. posterior to the dorsal half of the first incision. The two inner 
edges of sldn are brought together beneath the renal artery by means 
of horse-hair sutures, and the two outer edges similarly sewn together 
under the tunnel of skin through which the renal artery notv passes 
{V, V'). The suturing of the skin edges of the ventral half of the 
first incision completes the operation (fig. 3). In order to prevent the 
risk of the costal margin’s pressing upon the upper pole of the kidney, 
we have found it desirable to resect the Amntral halves of the lowest 
two ribs with their costal cartilages : this procedure may be incorporated 
in the first stage or separately undertaken between the first and the 
second stage. The exteriorized artery and the Iddney are protected by 
an inner woollen jacket and an outer soft leather coat. 

The health of the animals in which the renal artery has been 
exteriorized by the technique just described is excellent, and they 
suffer no obvious impairment of movement from the associated muscle 
loss. Fig. 4 is a photograph of one of our animals 7 weeks after the 
renal artery loop was made, and fig. 5 is a nearer view of the. left lumbar 
region to show the loop and the outline of the left kidney. 
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Each of our animals has a denervated carotid loop [see Verney and 
Vogt, 1938] for measurement of the arterial press\ire, and is peri- 
neotomized . to facilitate the collection of urine by catheter and the 



Flo. 3. — ^To ahoTV the completion of the second stage. M to U ns in fig. 1, g-v. 

V, V', skin loop containing lenal artery. 

measurement of its flow. The right kidney is removed at such time 
' as the nature of the presenting problem prescribes. 

Summarv. 

A method is described whereby the renal artery in the dog is 
enclosed in a loop of skin, and the blood-supply to the kidney thereby 
brought under immediate e.vternal control. 

Grateful acknowledgment is made to the Government Grant 
Committee of the Royal Society for defraying part of the expense 
incurred in this work. 
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I'M. 4. — Photograph of a bitch 7 weeks after tlio ronai artery loop had been 
made. A piece of whitened rubber tube (A) has been passed tlirouglr the skin 
tunnel under tlio artery loop. Q, left kidney. X, donorvatod carotid loop, under 
which a small pad of wool has been placed. 



Fio. 5. Photograph of left lumbar region of the bitch shown m fig. 4. A, rubber 
tube passing beneath renal artery loop. Q, outline of left kidney. 


Lockett, O’Coxnok, and Veuxett, “Eonal Artery Loop in the Dog.” 
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{Received for publication 1st April 1042.) 

The peripheral actions of acetylcholine and of various antichoKne- 
esterases have been studied fully by many workers and are now well 
known. .The action of these drugs on the central nervous system in 
mammals was first fully investigated by Schweitzer and Wright [1937, 
b, c, d; 1938] and Schweitzer, Stedman, and Wright [1938, 1939]. 
They demonstrated by a variety of experimental techniques that 
acetylcholine and other choline derivatives, and eserine, prostigmine, 
and other anticholine-esterases influenced reflexes by a direct action 
on the spinal cord. Only their main findings need be referred to here. 
In cats under chloralose anaesthesia acetylcholine depresses the knee 
jerk by a direct action on the spinal cord; sometimes an initial phase 
of stimulation was observed. Intravenously injected prostigmine and 
other so-called quaternary antichoHne-esterases (e.gr. eserine methiodide, 
dimethyl carbamic ester of hordenine methiodide) depress the knee 
jerk and other spinal reflexes (e.gr. crossed extensor reflex, strychnine 
convulsions) by a direct action on the spinal cord. Intravenously 
injected eserine sulphate and other so-called tertiary anticholine- 
esterases (dimethyl carbamic ester of hordenine hydrochloride ; methyl 
carbamic ester of m-hydroxyphenyl dimethyl ammonium hydrochloride) 
increase the knee jerk, and general reflex excitability, by a direct action 
on the central nervous system ,and may give rise to convulsions. The 
earlier work on this subject is fully reviewed in the papers by Schweitzer 
and Wright. More recently fresh observations have been reported by 
Bonvallet and Minz [1938], Merlis and Lawson [1939], Miller, Sta^waky, 
and Woonton [1940], Chute, Feldberg, and Smyth [1940], Torda [1940], 
McKail, Abrador, and Wilson [1941], and Biilbring and Burn [1941]. 
All these workers agree %vith the main conclusion of Schweitzer and 
Wright that acetylcholine, eserine, and prostigmine have a direct 
action on the central nervous system. The exact details of the findings 
reported differ, however, in certain respects, depending to some extent 
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on species, 'experimental' teclinique, and type of reflex studied. Some 
of these differences will be referred to in the,discussion. 

Little experimental work has been carried out on the action of 
these drugs in man. Henderson and Wilson [1936] injected eserine and 
acetylcholine into the lateral ventricle in man, and found that both 
drugs produced similar effects; these consisted of nausea, vomiting, 
increased intestinal movements and sweating, but the circulation and 
respiration were unaffected. The action of both drugs was abolished 
or prevented by atropine. Subthreshold doses of eserine potentiated 
the action of subsequently administered acetylcholine. Wilhams and 
Russell [1941] in epileptics found that prostigmine injected sub- 
cutaneously increased petit mal actmty recorded in the electro- 
encephalogram, while eserine generally reduced this activity. In a 
preliminary report, Kremer, Pearson, and Wright [1937] showed that 
the introduction of 1 mg. of prostigmine into the cerebro-spinal fluid 
by means of lumbar puncture in patients with hemiplegia decreases or 
abolishes tendon reflexes and muscle tone in the legs and sometimes in 
the arms too, wdthout change in sensation. These investigations have 
been extended and form the basis of this paper. 

Methods. x 

In all cases the substances used have been injected into the^lumbnr 
theca. Occasionally thejumbar puncture was preceded by an injection 
of atropine sulphate subcutaneously. The drugs used were solutions 
of prostigmine, eserine sulphate, and acetylcholine. These have been 
administered both to subjects with no abnormahty of the central 
nervous system and to cases with some form of spasticity of pyramidal 
origin. The effects of both prostigmine and eserine sulphate have also 
been examined in cases of spinal block. The volume of the solution 
used never exceeded 2 c.c., and w'as always injected slowdy and at room 
temperature. Occasionally a small quantity of cerebro-spinal fluid was 
withdrawn for analysis, but in most cases this w'as not done. The drug 
solution was mixed with the cerebro-spinal fluid withdrawn into the 
syringe, andv the whole injected slowly. If a blood-stained tap was 
obtained, the experiment was postponed to another day. , 

Resuuts. 

Control Experiments. 

Three patients were employed, one normal, one with cerebral 
thrombosis and spastic hemiplegia, and one with disseminated sclerosis. 
In each case the procedure was the same. An injection of 1 mg. of 
atropine sulphate was first given subcutaneously. Ten minutes later, 
lumbar puncture was performed and 2 c.c. of sterile distilled water were 
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injected. No effects word noted during the next tlirco hours, after 
wliicli no further observations were made. Two of these cases later 
received prostigmine and gave the typical results reported below. 


.dcJioJi of Acetylcholine alone. 

Eight cases were used and eighteen experiments performed. Fresh 
solutions of acetylcholine in sterile distilled water Avere prepared im- 
mediately after the lumbar puncture was performed. This Avas done 
to ensure the minimum time interval between the making of the 
solution and the injection. The initial dose used Avas 2 mg. of acetyl- 
choline. This Avas increased up to uOO mg., but no effects werp noted 
in any system Avith any dose. Observations Avere made f(ir three 
hours. The experiments Avere carried out in one normal subject, four' 
cases of cerebral diplegia, tAVo of spastic hemiplegia, and one of 
amyotrophic lateral sclerosis. All these cases responded to prostigmine 
in the manner reported beloAV. In the last tAvelve experiments, no 
atropine Avas used as a preliminary medication, but the results Avere 
not changed in consequence. 

Action of Prostigmine. 

Prostigmine in doses varying from 0-1 mg. to l-o mg. was injected 
into' the lumbar theca 73 times in 37 patients.' The large number of 
cases examined is due to the fact that all the individuals recorded in 
this paper had an injection of prdkigmine at some time to ensure that 
they gave the usual reaction to this substance. The cases used were: 


Spastic hemiplegia . . . .15 

Disseminated sclerosis . . .12 

Cerebral diplegia .... 6 

Spinal block/ ..... 2 

Amyotrophic lateral sclerosis . . 2 


Action of Prostigmine in Hemiplegia. 

Two typical experiments in two cases of spastic hemiplegia will be 
described first. 

Case 1. — J. B., male, aged 61, Avith hypertension and arterio- 
sclerosis, had\a residual left hemiplegia foUoAving a cerebral thrombosis 
6 months previously. Examination revealed a considerable increase 
of tone Jn the antigravity muscles of the left arm and leg with a 50 per 
cent, loss of power. There was slight weakness of the left side of the 
face. All the deep reflexes of the left side were exaggerated. The 
abdominal reflexes could not be obtained; the left plantar response was 
“extensor,” the right being “flexor.” There was sustained left patellar 
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and left ankle clonus.^ Superficial, deep, and visceral sensation v’ere 
unaffected. 

Intramuscular and intravenous injections of prostigmine were given 
to this patient in doses up to 5 mg. The usual effects of- muscular 
tuutching, increased tone and reflexes on the spastic side, and abdominal 
pain were obtained in 15 minutes. There was no change in power or 
sensation. These effects persisted for 90 minutes and then a gradual 
return to normal was seen. 


Effects of Intrathecal Injection of Prostigmine in Case J. B. 

The initial pulse-rate was 88 per minute and the blood-pressure 
210/115 mm. Hg. 

10.10 a.m. Intrathecal injection of 1 mg. of prostigmine. The 
results obtained are summarised below and are set out in full 
in the accompanying tables. 

10.20 a.m. Pulse 88. B.P. 210/115; no other change. 

10.37 a.m. Pulse 100. B.P. 200/110; no other change. 

10.50 a.m. Pulse 96. B.P. 195/115; face and arms unaffected. 

Legs,' Left ankle clonus now not sustained; diminution in left 
anikle jerk. Passive movements of left knee and . ankle are 
easier. Power is unaffected. 

10.58 a.m. . B.P. 195/115. Diminution in both knee jerks. Both 
ankle jerks ’ gone. All clonus disappeared. Power in left leg 
diminished. 

11.15 a.m. All reflexes in both legs gone. Both plantar reflexes 
not obtained. Left leg is now flail-like. Arm reflexes are 
slightly diminished on both sides. 

11.40 a.m. B.P. 200/115. Legs generally as before, but patient 
can now hardly lift the left leg from the bed. Arm reflexes are 
obtainable but much weaker. Tone in arms is less. 

12.05 p.m. Pulse 84. B.P. 200/115. Legs as before. Arm 
reflexes all lost. Spasticity in left arm completely disappeared. 
Power in left arm much diminished. Patient is feeling weak, is ' 
pale, sweating and nauseated. Sensation unaffected. 

12.45 p.m. Pulse 86. B.P. 210/115. No change in limbs. Fol- 
lowing a cup of tea given at 12.30 p.m. the patient vomited. Is 
very pale, sweaty, and sleepj'. The skin is cold. He wishes 
to pass urine, but cannot. 

1,0 p.m. Given 1 mg. of atropine intravenously. No effect. 

1 30 p.m. Pulse 84. B.P. 205/105. No change. Still wishes to 
pass urine, but cannot. Sleepy. 

2.15 p.m. No change. 

■ => 45 p m. B.P. 240/120. Catheterised. Returning power in arms 
and reflexes in arms now obtained. 
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3.30 p.m. Returning power, tone and reflexes in legSi. 

4.30 p.m. Still some diminution of tone in legs, but otherwise the 
physical state has returned to pre-injection condition. 

The effects of intrathecal injection of prostigmine in this patient 
are set out in Table I. 

Comments . — Examination of the data shows the following points. 
The changes in blood-pressure, pulse-rate, and respiration were small 
and variable and bore no relationship to the changes in the nervous 
system. Symptoms began to appear after a latent period of 40 minutes 
and involved the left (hemiplegic) side before the normal side. The 
first changes noted were in the region of the body supplied by the 
most distal part of the spinal cord, indicated by decrease in the left 
ankle jerk and left ankle clonus, and some decrease in tone in the 
muscles round the left ankle and knee. The normal side of the body 
was soon involved and after 48 minutes both ankle jerks and the left 
ankle clonus had been abolished. A more proximal part of the body 
was now affected as shown by decrease in both knee jerks. At this 
stage some decrease in voluntary power on the left (hemiplegic) side 
occurred (from 50 per cent, to 25 per cent.), but none occurred on the 
normal side. After 65 minutes the left (hemiplegic) leg rvas completely 
toneless and all deep reflexes in both legs had disappeared. The 
plantar reflexes' which had persisted hitherto, disappeared on both 
sides, the extensor response on the hemiplegic side simultaneously 
with the flexor reflex on the normal side. Only now, when leg reflex 
activity on both sides had almost vanished, did arm changes begin to 
appear. The change consisted of slight diminution of the deep arm 
reflexes. At 90 minutes power in the left (hemiplegic) leg had further 
declined to 10 per cent., and arm tone as w^ell as deep reflexes on both 
sides showed a further decline; 20 minutes later, at 110 minutes, all 
arm reflexes had disappeared, all spasticity in the left (hemiplegic) arm 
had gone, and power in the weak, Ifeft, arm had further declined from 
50 per cent, to 25 per cent. At this stage nausea set in, followed 
40 minutes later (at 150 minutes) by vomiting, drowsiness, pallor, cold 
sldn, and inability to pass urine. The state of power, tone, and 
reflexes remained unchanged for the next 65 minutes until at 216 
minutes arm reflexes began to return more readily on the normal 
(right) side than on the hemiplegic (left) side, and 45 minutes later 
(260 minutes) recovery was proceeding rapidly, being further advanced 
in the arms, where it was almost complete, than in the legs; 60 minutes 
later (320 minutes) recovery was almost complete everywhere, and 
the general mental state was brighter and the skin circulation was 
normal. Sensation was unimpaired throughout. The face was not 
involved at any stage of the experiment. 

The march of the symptoms up the leg .from the distal to the 
proximal end (the plantar reflex being an exception), and then the 
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involvement of the arms, is striking and was a regular finding. During 
recovery in this case the arm returned to normal sooner than the leg, 
hut this was not invariable. The general disturbance (drowsiness, 
vomiting), when they occurred usually set in when the depression of 
reflex and voluntary activity was most marked. 

Case. 2.—]?. K. Male, age 65. Right-sided hemiplegia (due to 
cerebral thrombosis) 17 months. Initial clinical state : 

Left side : Power, tone, and reflexes in legs, arms, and face normal. 

Right side: Leg — ^Power-weak; tone -1- ; ankle jerk -t- ; ankle 
clonus -f and sustained; knee jerk -f -t- ; plantar response 
“extensor.” Arms — Power weak; tone -i- ; aU reflexes -t-f. 
Pace — Slight w'eakness lower half of face; speech slightly 
affected. 

Abdominal reflexes present in all four quadrants. 

11.45 a.m. Inject 1/50 grain of atropine subcutaneously and 1 mg. 
of prostigmine intrathecally. 

12 noon. (15 min.) No change. 

The subsequent changes are fully set out in Table II.^ 

The detailed findings in case 2 resemble in aU essential respects those 
reported in case 1. The latent period was 15 minutes before the first 
changes occurred, consisting of weakening of the ankle reflexes on the 
normal (left) side. At 55 minutes on the right (hemiplegic) side the 
extensor plantar response and anlde clonus had disappeared and both 
anlde and knee jerks, previously exaggerated, were subnormal. On 
the normal (left) side ankle and knee jerks had gone, but the flexor 
plantar response persisted. Tone was abolished in both legs and power 
on the left (hemiplegic) side had declined below its initial weak level. 
At this stage, when the involvement of the legs was so extensive, the 
arms were comparatively unaffected except for a decrease in tone in 
the originally spastic (left) hemiplegic arm. Involvement of higher 
levels was indicated by slight worsening of speech, and the state of 
drowsiness. At 120 minutes the facial involvement was greater and 
the general depression very marked. At 240 minutes all tone and re- 
flexes in both arms were gone, all power in the right arm had disappeared, 
the facial weakness was marked, but the general condition (colour, 
alertness) had improved. At 275 minutes recovery was beginning in 
the right leg; at 330 minutes the left leg was normal and the right leg 
progressing further, and considerable arm recovery had taken place, 
especially on the left side. At 360 minutes a detailed study showed 
that recovery was proceeding generally, but was not especially more 
rapid in one part than another. 

Again no change in sensation occurred at any stage of the experiment. 

' A film showing the clinical findings at 12.15 and 12.45 p.m. was shown to the 
Physiological Society in 1937. 
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Table II. 



Initial. 

11.45 

a.m. 

23,16 pjn 

12.40 pjn 

. 1.45 p.in. 

3.45 pjn. 

5.15 p.m. 

5.45 pj3. 

Knee jerk 

. R. 

+ + 


•4- 4- 

Weak 
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0 

0 

Weak 

0 


L, 

Brisk 
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1 0 
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0 

o 

AjMe jerk 

. R, 
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0 
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0 

0 

0 

0 

0 
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. E. 
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0 

0 

0 




L. 
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0 

0 

0 

0 

O 

0 

Plantar refiex . 

, B. 

Extensor 


Extensor 

0 

0 

0 
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L. 


Flexor 

Flexor 

0 

0 

Flexor 

Flexor 

Tone 
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0 

0 

0 
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L. 

If 

*2 








s 

27 

O 

0 

0 

X 

X 
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1 
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diminished 

0 

B 
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L. 

27 

o 

27 

27 
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MM 

X 

X 

Biceps Jerk 

. R. 
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4-4- 

0 

0 

4- 

4- 

L. 
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Brisk 

0 

0 

X 

X 
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. B. 
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s 
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4- 4- 

0 

0 

+ 

+ 

L. 
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A 
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0 

0 

+ 

4* 
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, B. 
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s 

B 

4- 

0 

0 
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L. 
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•a 

B 


N 

N 

X 

X 
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, B. 
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a 
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0 

0 
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B. 

N 


K 



X 
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N 

N 

X 
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4- 
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4- 

£t 


0 
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All the experiments with prostigraine in spastic subjects have given 
the same results without any exception. There have been slight 
variations in quantitative effects, but never any variation in the 
quahtative nature of the response. 

Typical effects were produced (though lasting only for one hour) 
with a dose of O-l mg. of prostigraine intrathecally. In this case, 
although the ankle jerk was abolished, a faint dicker of the knee jerk 
persisted throughout and the arm reflexes were obtained easily, though 
to a diminished degree. The effect on the tone of the various muscles 
was roughly proportional to the degree of diminution in reflexes. 
There was no vomiting, though the patient complained of nausea. 

The average duration of the diminution in tone rvith an intrathecal 
dose of 1 mg. was about 6 hours. In only one case did it exceed 12 hours 
and actually lasted for 26 hours; no special reason could be found for 
this. 

The contrast between the effects of prostigraine injected intra- 
muscularly or intravenously on the one hand and intrathecally on the 
other is very strildng. Injected by the former routes prostigraine 
produces its characteristic peripheral effects on viscera and on skeletal 
muscle, leading to increase in muscle tone and in reflexes and to some 
muscular twitching. Given intrathecally exactly the reverse effect on 
skeletal muscle was produced, namely, diminution or loss of muscle 
tone and reflexes. These changes must be attributed to a central 
action, as any prostigraine absorbed from the spinal theca into the 
general circulation would have had the opposite peripheral effect. 

Action of Prostigmine in Cases of Spinal Bloch. 

Two cases of spinal block were studied; both were due to carcino- 
matosis of the spinal column. The diagnosis of block was confirmed 
by lumbar puncture and by Queckenstedt’s test. Typical results were 
obtained as shown in the following protocol; — 

J. P. Clinically a case of spinal block at the level of lumbar 1 and 2. 
The legs were held in a flexor position with occasional painful 
flexor spasms; they were spastic, with exaggerated reflexes; 
the plantar responses were “extensor.” There was shght 
analgesia below' the level of the lesion and incontinence of urine. 
The abdominal reflexes were not obtained. The arms and face 
appeared normal in all respects. 

25.11.38. 

11.5 a.m. B.P. 140/80. Pulse 100. Injection of 0-5 mg. of prostig- 
mine intrathecally below the level of the block. 

11.30 a.m. B.P. 140/80. Slight diminution of spasticity of legs. 
No change in reflexes. 

11.65 a.m. Leg reflexes now definitely diminished on both sides. 
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12.16 p.m. Loss of tone in all leg muscles on both sides. All leg 
reflexes have disappeared except for the plantars wiiich showed 
a slight flicker. ’ Sensation unaffected. B.P. 135/80. No flexor 
spasms now occur, even when the legs are scratched. Patient 
says that the legs feel much easier now that the “cramps” have 
gone. 

12.50 p.m. As above, except that the plantar reflexes have dis- 
appeared. 

1.50. No change. Patient took a light lunch. No nausea or 
vomiting. Arms show no change from pre-injection state. 

2.50 p.m. B.P. 135/80. Patient is sleeping; no pallor or sweating. 
No change in condition. 

7.0 p.m. Ankle jerks just obtained, but no obvious retmn in leg 
muscle tone. 

26.11.38. 

10.0 a.m. As in pre-injection condition, but flexor spasms had only 
returned on waking that morning. 

The flexor spasms and the “extensor” plantar response found in 
this case prior to the injection correspond to the “flexor reflex” of 
lower mammals. Attention is especially drawn to the fact tliat the 
flexor spasms, the extensor plantar response, and the flexor posture in 
the legs were all abolished by the intrathecal injection of prostigmine 
below the level of the spinal block. No changes were noted in the 
muscles supplied by the spinal cord above the level of the block. 

Action of Prostigmine in Subjects ivith Normal Spinal Cord. 

Prostigmine was injected intrathecally (dose 1 mg.) in three in- 
dividuals in whom (as far as could be determined) the spinal cord was 
normal. The results obtained were the same as in the spastic cases, 
i.e. loss of reflexes, vomiting, pallor, and sweating. There was no 
change in sensation. In two cases there was loss of ability to empty 
the bladder. The effect on tone could not satisfactorily be assessed, 
but power in the hands was measured by a dynamometer, with the 
following results in one case. The patient was asked to exercise the 
maximum grip possible every time. 

10.0 a.m. Intrathecal injection of prostigmine, 1 mg. 
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•The gi’eatest loss in the power of the hand grips occurred during the 
time of loss of the arm reflexes. It also coincided, however, with the 
period of vomiting. It should be noted though that considerable loss 
of power occurred before the vomiting began, and indeed before there 
was any nausea. 

Action of AcetylcJioline togetJier with Prostigmine. 

In one case of disseminated sclerosis, the effect of intrathecal 
acetylcholine was tried after intravenous injection of prostigmine. 
6 mg. of prostigmine were injected intravenously and, half an hour 
later, when the usual peripheral effects of prostigmine were well marked, 
10 mg. of acetylcholine were given intratheeally. No effects were 
noticed during a three-hour period of observation. 

In tw'o cases the effects of a combined intrathecal injection of 
O'l mg. prostigmine and 10 mg. of acetylcholine were studied. The 
effects of injecting each substance alone by the same route was previously 
determined. No changes occurred after the injection of acetylcholine 
alone; prostigmine given alone had the small effect referred to above, 
i.e, abolition of the anlde jerk, diminution of the knee jerk, and decrease 
in muscle tone. The effects of the combined injection are set out 
below: — 

' 8. S., a case of disseminated sclerosis with optic atrophy, nystagmus, 

precipitate micturition, marked spastic paresis of both arms and 
legs, exaggerated deep reflexes, ankle clonus. 

10.40 a.m. B.P. 140/90. Pulse 84. Injection of 0-1 mg. of 
prostigmine and 10 mg. of acetylcholine intrathecaUy. 

11.0 a.m. No change. 

11.15 a.m. B.P. 135/95. Ankle clonus now reduced to one or two 
kicks only. Slight diminution of tone in muscles round ankle 
joints. Ankle jerk diminished. 

11.30 a.m. No ankle clonus. Ankle jerks doubtful. Knee jerks 
present, but much diminished. Tone diminished. Sensation 
unaffected. Power appears unaffected. 

11.45 a.m. B.P. 130/90. Knee and ankle jerks absent. Tone in 
legs absent. Sensation normal. Arms unaffected. 

12.15 p.m. B.P. 130/90. Legs as above; slight diminution of 
tone in arms. 

12.30 p.m. B.P. 130/90. Very pale; feeling sick; headache. 
Legs as above. Arm reflexes only just present. Tone in arms 
diminished. Power appears normal. Sensation normal. 

1.0 p.m. Peeling ill. Wishes to pass urine but is unable to do so. 
Headache very marked. Trying to vomit. Arms and legs as 
before. Given atropine sulphate 2 mg. intravenously without 
effect. 
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2.0 p.m. ^ B.P. 150/95. Vomited after eating a piece of chocolate. 

' Condition as before. 

3.30 p.m. B.P. 140/90. Tone returning in arms and legs. Arm 
reflexes now obtainable. Leg reflexes doubtful. Cannot pass 
urine. Sensation normal. 

4.30 p.m. B.P. 145/85. All reflexes now back to pre-injection 
level. It was found next day that urine had not been passed 
until 4 a.m. As the bladder never became very distended, it 
was considered unnecessary to catheterise this patient. 

The combined action of prostigmine and acet 3 dcholine in the doses 
used was thus far greater than the algebraic sum of the action of the 
two drugs given separately (as the acetylcholine given alone was without 
effect). It can be concluded that prostigmine given intrathecally 
markedly potentiated the action of the simultaneously administered 
acetylcholine. As previously explained, prostigmine given intra- 
venously in the doses used does not have this potentiating effect. 

Action of Eserine Sulpiiafe. 

This substance was injected intrathecally six times in four cases in 
doses of 0-25 mg. to 1 mg. The cases used were: 

1 cerebral thrombosis. 

2 disseminated sclerosis. 

1 spinal block. 

The results obtained were essentially the same in all cases ; one case of 
disseminated sclerosis and the case of spinal block will be described in 
detail. 

S. W. Case of recovery after cerebral thrombosis. Muscle tone 
normal; plantar responses extensor. AU deep reflexes normal, 
but power slightly reduced in the arms and legs. Sensation 
normal. 

27 . 12 . 37 . 

10.15 a.m. B.P. 120/90. Lumbar puncture and injection of 0-5 mg. 
of eserine sulphate. Pulse 70. Grips 70 and 75. 

10.45 a.m. No change; feels quite well. 

11.0 a.m. Peels quite well, but the legs are “heavy,” though the 
patient moves them at least as well as before the injection. 
Reflexes unchanged in legs and arms. Pin-prick sensation said 
to be very sharp in the right leg. Pulse 72; B.P. 130/8.5. 

11 15 a.m. Ankle jerks diminished, but obtained easih'. Knee 
jerks diminished. Arm reflexes not so brisk. Patient now 
complains of hot sensation in legs and says that the soles feel ns 
though they are being scratched. Pin prick is still sharper than 
normal. Power in legs appears to be increased. 
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11.35 a.jn. Pulse 64; B.P. 126/85, Now reports tingling eonsations 
in legs instead of warmtli. All reflexes enhanced over pre- 
injection levels. Ankle clonus now appears for the first time. 

12.0 p.m. Complains of severe headache; feels sick and attempts 
to vomit. Cannot bear the contact of the bedclothes as they 
seem to he hurting the legs. ‘ Pin prick not now appreciated so 
acutely as during the previous hour. Reflexes are as at 11.35 a.m. 
— i.e. still slightly exaggerated and ankle clonus present. Wishes 
to pass urine but cannot. Injection of 1-6 mg. atropine intra- 
venously had no effect. 

12.45 p.m. B.P. 130/80. Headache still very severe. Vomited 
twice. Reflexes all present and brisk. Tone unaffected. Hand 
grips both 90 (pre-injection level 70, 75). Complains of cramps 
in the legs, but no muscle spasm could be seen or felt. Passed 
urine normally. 

2.0 p.m. Tr3dng to sleep, but headache is too severe to allow this. 
Patient says legs now feel cold and shivery though not cold to 
the touch. Patient objects to the legs being stroked with the 
fingers as this is painful. 

3.0 p.m. Apart from headache, patient now appears to be in 
pre-injection state. 

Certain features of this experiment require further comment. This 
patient had made an almost complete recovery following a cerebral 
thrombosis. Tone and the deep reflexes were practically normal. 
Pollowing the intrathecal injection of eserine sulphate there were striking 
subjective sensory disturbances such as warmth in the legs and tingling 
feelings. Sensory changes were never observed following injection of 
prostigmine. After a preliminary period of depression of reflexes, 
beginning half an hour after the injection and lasting for one hour, 
these returned to a degree greater than before the injection. Ankle 
clonus, which had not been obtained for three weeks, was now present. 
This effect lasted for two hours. There was some increase too in 
muscle power. The usual pallor and vomiting were seen 2| hours after 
the injection. 

H. M. Case of spinal block due to secondary carcinoma, confirmed 
by lumbar puncture. Block at level of 6th thoracic segment. 
There was complete flaccid paralysis of the legs and loss of knee 
jerks and ankle jerks; extensor plantar responses present. 
There was complete loss of sensation and of all reflexes up to 
6th thoracic segment. No spasms had occurred for three months , 
though these had been present previously. 

17.3.39. 

H.O a.m. Lumbar puncture; intrathecal injection of 0-5 mg. of 
eserine sulphate. 
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2.0 p.m. B.P. 150/95. Vomited after eating a piece of chocolate. 

" Condition, as before. 

3.30 p.m. B.P. 140/90. Tone returning in arms and legs. Arm 
reflexes now obtainable. Leg reflexes doubtful. Cannot pass 
urine. Sensation normal. 

4.30 p.m. B.P. 145/86. All reflexes now back to pre-injection 
level. It was found next day that urine had not been passed 
until 4 a.m. As the bladder never became very distended, it 
was considered unnecessary to catheterise this patient. 

The combined action of prostigmine and acetylcholine in the doses 
used was thus far greater than the algebraic sum of the action of tho 
two drugs given separately (as the acetylchoHne given alone was mthout 
effect). It can be concluded that prostigmine given intrathecally 
markedly potentiated the action of the simultaneously administered 
acetylcholine. As previously explained, prostigmine given intra- 
venously in the doses used does not have this potentiating effect. 

Action of Eserine Sulphate. 

T his substance was inj'eeted intrathecally six times in four cases in 
doses of 0-25 mg. to 1 mg. The cases used were: 

1 cerebral thrombosis. 

2 disseminated sclerosis. 

1 spinal block. 

The results obtained were essentially the same in all cases; one case of 
disseminated sclerosis and the case of spinal block null be described in 
detail. 

S. 11^. Case of recovery after cerebral thrombosis. Muscle tone 
normal; plantar responses extensor. All deep reflexes normal, 
but power slightly reduced in the arms and legs. Sensation 
normal. 

17.12.37. 

10.15 a.m. B.P. 120/90. Lumbar puncture and inj’eotion of 0-5 mg. 
of eserine sulphate. Pulse 70. Grips 70 and 75. 

10.45 a.m. No change; feels quite well. 

11.0 a.m. Feels quite well, but the legs are “heavy,” though tlic 
patient moves them at least as well as before the injection. 
Reflexes unchanged in legs and arms. Pin-prick sensation said 
to be very sharp in the right leg. Pulse 72; B.P. 130/85. 

11 15 a.m. Ankle jerks diminished, but obtained easilj'. Knee 
jerks diminished. Arm reflexes not so brisk. Patient now 
complains of hot sensation in legs and says that the soles feel as 
thout^h they are being scratched. Pin prick is still sharper than 
nornTal. Power in legs appears to be increased. 
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5 rag. are injected intravcnoiishj they produce an increase in muscle tone 
and reflexes and muscle twitching which are due to the well-known 
peripheral effects on skeletal muscle. On the other hand, when very 
much smaller doses of prostigmino are injected iniratliecally they 
produce the exactly opposite effect of decreasing imiscle tone and reflexes, 
while no muscle twitching can he observed. It is improbable that the 
effects of intrathecally injected prostigmino are due to local alterations 
in the circulation in the spinal cord. The local vasodilation which may 
occur is unlikely to modify the reflexes adversely. There is no reason 
for supposing that prostigmino constricts blood-vessels by a direct 
action, and even if it did, moderate degrees of spinal auramia have been 
shown experimentally [Schweitzer and Wright, 1937 o] to increase 
spinal reflexes. A very severe degree of spinal anramia does ultimately 
abolish all reflex activity. Such grave ansemia might be expected to 
interfere with certain forms of sensation at least; no change in sen- 
sation was, however, observed in the clinical cases studied. This last 
finding also demonstrates that the depressant action of prostigmine 
on spinal reflexes is not due to a peripheral anaesthetic effect. Although 
the direct action of prostigmine on nerve fibres has not been examined 
in man, it has been studied in animals. Schweitzer and Wright 
[1937 c] applied various concentrations of prostigmine, higher than those 
employed in these experiments, directly to the femoral nerve in cats 
and found there was no depression of the knee jerk. From these 
results it can be concluded that intrathecal prostigmine probably does 
not act on the nerve trunks or on the tracts of the cord. The depression 
in spinal reflex activity occurs prior to the onset of nausea and vomiting 
when they are present, and so cannot be attributed to this extraneous 
factor. In fact, by suitably grading the dose, or in cases with spinal 
block, depressed spinal reflex activity is produced without any gastro- 
intestinal symptoms at all. The changes in pulse-rate, blood pressure, 
and respiration in the long series of cases studied were all of a minor 
character and bore no relationship to the effects observed on spinal 
reflexes. 

The mode of spread of the symptoms after intrathecal injection of 
prostigmine is characteristic and is presumably due to progressive 
involvement of the spinal cord from below upwards. The ankle jerks 
are depressed before the knee jerks and the leg reflexes before the arm 
reflexes. Involvement of the face is rare and always occurs last. The 
way in wliich the paresis marches from one part to the next fits in quite 
well with an upward diffusion of prostigmine in the cerebro -spinal 
fluid and the resulting penetration into and involvement of higher 
levels of the spinal cord. 

In the cases with spinal block, prostigmine inhibits the motor reflex 
functions below the block only. There are no symptoms above the 
level of the block and no systemic effects are observed. The common 
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11.36 a.m. No change seen. Patient says he is quite comfortable, 
though legs feel as though they are “going to jump.” 

12.10 p.m. Patient reports no change' and no subjective sensations 
in the legs. Fibrillary contractions are present in all the leg 
muscles. Crossed adductor reflexes obtained by striking the 
patellar tendon. General withdrawal of legs results from 
stimulation of the soles of the feet. No objective changes in 
sensation. 

1.40 p.m. Slight increase of power in legs. Right knee jerks now 
definitely present. 

3.50 p.m. No subjective changes. Power stiU increased. Tone, 
particularly in flexors, increased. Right-knee jerk and hamstring 
jerk further increased and now brisker than in a normal subject. 
Right-ankle jerk present. Left-knee jerk and hamstring jerk 
present. Left-ankle jerk not obtained. No further fibrillation 
of muscles seen. 

5.0 p.m. Condition now much as in pre-injection period. 

At no time was there any effect on the general condition or on any 
part of the body above the level of the block. 

Both these cases which are reported in detail showed responses which 
are in marked contrast to those obtained with prostigmine. The 
remarkable sensory stimulation in the case of S. IF. has already been 
commented on. All the cases studied showed after an initial delay a 
preliminary depression, followed by a slight or a marked increase in tone 
and reflexes and in power above the pre-injection level. This was 
especially striking in the case of H. M. with spinal block, in whom the 
results were dramatic ; in this patient reflexes which had been absent for 
months or never elicited previously, made their appearance, following 
the injection of eserine. As no changes of this kind Avere observed aboA'e 
the level of the spinal block in the case of H. M. the increased motor 
responses obtained, including the so-called “fibrillary” contractions, can 
reasonably be attributed to direct stimulation of the spinal cord. 

Discussiox. 

Site and Mode of Action of Prostigmine. 

The experiments carried out with prostigmine gave absolutely 
uniform results and prove conclusively that when this drug is injected 
intrathecally in man it invariably depresses spinal reflexes and often 
decreases the strength of voluntary movements. The control experi- 
ments show clearly that the changes observed are due to the action of 
the drug and not to the introduction of some non-specific foreign sub- 
stance into the theca. The results described cannot be attributed to 
the passage of prostigmine from the cerebro-spinal fluid into the general 
circulation. It has been shown that when doses of prostigmine up to 
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were injected intrathecally in man. Loss of voluntary power was also 
a frequent occurrence and was often marked. The retention of sensory 
transmission, together witli interference wdth various forms of spinal 
transmission to skeletal muscle, suggests that prostigmine may be 
acting in close proximity to the anterior horn cells. 


Mode a7td Site of Action of Acetylcholine. 

Intrathecal injection of acetylcholine in man in doses up to 600 mg. 
were without effect, on the spinal cord or elsewhere. Furthermore, 
intravenously injected prostigmine failed to potentiate the effects of 
intrathecally injected acetylcholine. Quite small doses (OT mg.) of 
prostigmine injected intrathecally, together with small doses (10 mg.) 
of acetylcholine, markedly potentiate the effects of the latter, which 
then produces depression of the spinal cord resembling that of much 
larger doses of prostigmine alone. The site of action of acetylcholine 
may reasonably be supposed to be in the same region as that of pro- 
stigmine. This w'ould imply that before intrathecally injected acetyl- 
choline can act it must penetrate through the outer thick layer of spinal 
white matter to reach the deeper grey matter. Though cerebro-spinal 
fluid contains little choline-esterase, large concentrations of this enzyme 
are present in the central nervous system itself [Stedman and Stedman, 
1935; Nachmansohn, 1937, 1938]. The grey matter is particularly 
rich in esterase, which may be supposed to destroy rapidly the acetyl- 
choline slowly penetrating to it, and thus prevent an adequately high 
concentration of the drug being attained to produce an effect. 
Furthermore, the relative lipoid insolubility of acetylcholine may 
hamper its transfer through the substance of the spinal cord. The 
results of Henderson and Wilson [1936] who noted marked effects in 
man with acetylcholine may perhaps be due to the fact that they 
injected the drug directly into the empty lateral ventricles, and so 
avoided dilution with a large volume of cerebro-spinal fluid. 

The results of Schweitzer and Wright [1937] with acetylcholine in 
anassthetised cats were in the main identical in character with those 
produced by prostigmine; they found that prostigmine or eserine 
potentiated the central depressant action of acetylcholine. Similar 
results w'ere obtained by Biilbring and Burn [1941] on the knee jerk 
m dogs, and Torda [1940] on the crossed extensor reflex in toads (using 
the isolated perfused spinal cord). 

All these workers obtained evidence that acetylcholine may have a 
central stimulating action too. Biilbring and Burn [1941] obtained a 
ischa,Tge from the isolated perfused spinal cord of the dog following 
injection of acetylcholine, especially after previous administration of 

eserine. No evidence of such central stimulating action of acetylcholine 
W'as obtained in man. 
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occurrence of nausea and vomiting in cases without spinal block would 
seem to be due to an action of prostigmine on some supra-spinal level. 
It may be concluded that intrathecally injected prostigmine in man acts 
toectly on the spinal cord, either on nerve cells or on a sjmaptic region, 
i.e. on what is now often termed the “neuropile.” Schweitzer^and 
Wright [1937 a, b], using doses of prostigmine of the order of 1 mg. in 
cats (weighing about 3 kg.), found that intravenous injection depressed 
spinal reflexes. Appropriate experiments proved that the effects were 
largely due to a direct depressing action on the spinal cord. The failure 
of intravenously injected prostigmine to produce similar results in 
man may be reasonably attributed to the fact that the doses employed 
in the cats per kilogram body weight were relatively much larger. 

Torda [1940], using the isolated perfused spinal cord of toads, found 
that prostigmine abolished the crossed and ipsilateral extensor reflex 
and reversed ipsilateral inhibition of the extensor muscle. Perfusion 
pressures of SO cm. Bg were used in these experiments, i.e. pressures 
about 20 times as high as the normal arterial pressure in amphibia. 
According to Bulbring and Burn [1941] prostigmine in doses of 2 mg. 
injected into the arterial cannula carrying blood to the isolated perfused 
spinal cord of the dog produced a discharge of nervous impulses as 
shown by muscular contraction in the legs ; these effects were abolished 
by atropine. In the same preparation prostigmine in doses of 0-5-1 mg. 
diminished, and 2-5 mg. abolished, the knee jerk. The flexor reflex, 
however, was usually increased; as this last effect was apparently 
only observed in the presence of adrenaline in the circulation, its 
significance is obscure. It is perhaps unwise to assume that results 
obtained with the isolated perfused spinal cord wiU necessarily agree 
with those found in the normal animal. As the flexor reflex in tlieir 
preparation failed spontaneously unless adrenaline was added to the 
perfusion circuit, the spinal cord appears to have suffered some alteration 
in its normal properties in these experimental conditions. One should 
also be cautious in applying results obtained in lower animals too 
readily to man. 

The results recorded in this paper give no support to the view that 
prostigmine, in addition to its undoubted central depressant action, 
maj’' also exert a central stimulating action on Jlexor reflexes. In the 
case J.P. prostigmine abolished all the manifestations of activity of 
the spinal flexor reflex arc. Flexor posture, flexor spasms, and the 
•plantar so-called “extensor response” all disappeared under the in- 
fluence of the drug. This last-mentioned reflex is generally regarded as 
part of the human flexor or withdrawal reflex. In all the patients witli 
pwamidal tract involvement the plantar “extensor response” which 
was initially present was abolished by prostigmine. 

Retention of urine from inability to empty the bladder voluntarily 
or reflexly was a common finding wdien the larger doses of prostigmine 
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preceded by a short period of central depression. As has already been 
stressed no excitatory manifestations, motor or sensory, liave been 
noted in our very long series of experiments with prostigmine. 

It is premature at this stage to speculate as to the cause of the 
differences thus noted between prostigmine and eserine. Schweitzer, 
Stedman, and Wright [1939] drew' attention to certain physical 
properties of the anticholine-esterases which may account in part for the 
variable results obtained. They concluded from their observations 
that the anticholine-esterases produced their effects on the spinal cord 
by their specific action of preserving acetylcholine. The quaternary 
compounds, like prostigmine, give rise in the body to a quaternary 
base, which is lipoid-insoluble and may thus be limited in its action to 
the region outside the nerve cell. The tertiary compounds, like eserine 
sulphate, give rise to the lipoid-insoluble cation and a lipoid-soluble 
tertiary base which might penetrate the cell membrane. The insoluble 
derivative of eserine might be conceived to act like prostigmine, while 
the convulsant action would be due to the lipoid-soluble component. 
Though this suggestion may help to account for the mixed excitatory- 
depressant action of eserine, it does not account for the central excitatory 
action of prostigmine which has been recorded in some species. 

Whatever may be the interpretation, the findings in the experiments 
in man are quite clear cut. Prostigmine, acetylcholine, and eserine 
injected intrathecally have a direct action on transmission in the 
spinal cord. Prostigmine depresses transmission through motor arcs, 
diminishing muscle tone and reflexes (both extensor and flexor) and 
voluntary power. There is no change in sensation. Acetylcholine 
potentiated by small intrathecal doses of prostigmine acts similarly. 
Eserine, after initial motor depression, produces central excitation 
(increased muscle tone and rfeflexes), together with enhanced sensory 
reactions. 


SUMMABY. 

1. Prostigmine was injected in doses of 0-l-l‘5 mg. intrathecally 
73 times in 37 patients (with evidence of pjnramidal tract involvement) 
and in 3 subjects with normal central nervous system. In all cases it 
produced depression of muscle tone and reflexes by a direct action on 
the spinal cord. The distal part of the cord was involved first and the 
depression gradually ascended to involve the centres controlling the 
arms. The face was involved rarely. Changes in blood-pressure, 
pulse-rate and respiration were small and irregular. Nausea, vomiting, 
and drowsiness commonly occurred when large doses were employed. 
V oluntary movement was impaired. Bladder emptying was temporarily 
abolished. No changes in sensation were ever noted. Observations 
were made in patients with spinal block. Injection of prostigmine 
intrathecally below the level of the block produced depression of the 
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Site and Mode of Action of Eserine. 

The evidence in the literature on animal experiments suggests that 
the action of eserine sulphate on the- central nervous system is complex. 
Schweitzer and Wright [1937] demonstrated in cats under chloralose 
anaesthesia that eserine injected intravenously increased the knee jerk 
and produced general convulsions mainly as the result of a central 
stimulating action on the spinal cord. They quoted a number of 
observations by previous workers pointing in the same direction. 
Subsequently Merlis and Lawson [1939] in the dog found that eserine 
(injected intravenously or intratheeally) increased the flexor reflex. 
Biilbring and Burn [1941] found that eserine (1-5 mg. in 600 c.c. of 
blood) caused a spontaneous discharge of impulses from the isolated 
perfused spinal cord of the dog. Results of a similar nature were 
obtained by Gellhorn, Barrow, and' Yesinick [1939], Hall and Goldstone 
[1940], Chute, Feldberg, and Smyth [1940], and McKail, Obrador, and 
Wilson [1941], There is thus good evidence that eserine may exert a 
central stimulating action. But there are also a series of observations 
indicative of a central depressant action of eserine. In some of their 
experiments on cats Schweitzer and Wright [1937] found that eserine 
produced an initial depression of the knee jerk, which on occasions was 
very marked and prolonged. Merlis and Lawson [1941] in the dog 
found that eserine usually depressed the knee jerk under sodium 
barbital ansesthesia, and depressed it in 50 per cent, of experiments 
under chloralose ansesthesia (in the other 50 per cent, stimulation 
occurred), Biilbring and Burn [1941] found the knee jerk was regulnrl}' 
depressed by eserine (perfused cord, dog). There is also evidence for a 
mixed excitatory-depressant action on the cerebral cortex, excitation 
being observed by IMiller [1937], Sjbstrand [1937], Miller, Stavraky, and 
Woonton [1940], Tinel [1937], and Williams and Russell [1941]; 
depression by McKail, Obrador, and Wilson [1941]. 

The results recorded in this paper on man give evidence of a direct 
stimulating action of eserine on the spinal cord. In all the cases studied 
there was at some stage an increase in tone and reflexes, and sometimes 
in power of voluntary movement. Both flexor and extensor reflexes 
were enhanced equally. Increase of nystagmus was also observed in 
one case. The case %vith spinal block was especially noteworthy, as 
here eserine caused reflexes to appear in an enhanced form which had 
been absent for several months. In addition the site of action of eserine 
in this patient could only have been the spinal cord itself and not 
higher levels of the central nervous system. There were also strildng 
subjective sensory manifestations (spontaneous pain, burning sensations) 
and an apparent increase of sensory transmission, though this could 
not always be established with certainty. But as in some of Schweitzer 
and Wright’s ara'mal experiments the phase of excitation was alwaj^s 
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spinal cord limited strictly to the cord below the level of the block. No 
general disturbances such as nausea or drowsiness developed. In 
such cases flexor tone, flexor spasms, and flexor reflexes were abolished 
at the same rate and to the same degree as extensor reflexes. All the 
above actions of prostigmine are unaffected by subcutaneous injections 
of atropine. They contrast markedly with the results of injection of 
prostigmine intramuscularly or intravenously. 

2. Intrathecally injected acetylcholine in doses of 2~o00 mg. had 
no effects on the spinal cord or elsewhere. 10 mg. of acetylcholine 
injected together with 0-1 mg. of prostigmine produced effects on the 
spinal cord in every way similar to those of larger doses of prostigmine. 

3. Eserine sulphate in doses of 0-25-1 mg. injected intrathecally 
produces an initial transient depression of spinal reflexes followed by 
a rapid return to a level exceeding that noted prior to the injection. 
Experiments in a case of spinal block show that both the initial depression 
and the secondary excitation are due to a direct action on the spinal 
cord— the effects being limited to the cord region distal to the block. 
In this case too the excitatory phase of the response was particularly 
striking, involving both flexor and extensor refle.ves. Unlike prostig- 
mine, eserine produces striking sensory changes including facilitation 
of sensory transmission. Suggestions are made to explain the difference 
in central action of prostigmine and eserine. 

This work was interrupted by the outbreak of the War. I gratefully 
express my thanks to Professor Francis Fraser in whose department 
the research was carried out, to Professor Samson Wright for his help 
in the preparation of the paper, and to the Medical Officer of Health, 
London County Council, for permission to include the notes on the 
patients. 
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spinal cord limited strictly to the cord below the level of the block. No 
general disturbances such as nausea or drowsiness developed. In 
such cases flexor tone, flexor spasms, and flexor reflexes were abolished 
at the same rate and to the same degree as extensor reflexes. All the 
above actions of prostigmine are unaffected by subcutaneous injections 
of atropine. They contrast markedly with the results pf injection of 
prostigmine intramuscularly or intravenously. 

2. Intrathecally injected acetylcholine in doses of 2-500 mg. had 
no effects on the spinal cord or elsewhere'. 10 mg. of acetylcholine 
injected together ndth 0-1 mg. of prostigmine produced effects on the 
spinal cord in every way similar to those of larger doses of prostigmine. 

3. Eserine sulphate in doses of 0-25-1 mg. injected intrathecally 
produces an initial transient depression of spinal reflexes followed by 
a rapid return to a level exceeding that noted prior to the injection. 
Experiments in a case of spinal block show that both the initial depression 
and the secondary excitation are due to a direct action on the spinal 
cord— the effects being limited to the cord region distal to the block. 
In this case too the excitatory phase of the response was particularly 
striking, involving both flexor and extensor reflexes. Unlike prostig- 
mine, eserine produces striking sensory changes including facilitation 
of sensory transmission. Suggestions are made to explain the difference 
in central action of prostigmine, and eserine. 

This work was interrupted by the outbreak of the War. I gratefully 
express my thanks' to Professor Francis Fraser in whose department 
the research was carried out, to Professor Samson Wright for his help 
in the preparation of the paper, and to the Medical Officer of Health, 
London County Council, for permission to include the notes on the 
patients. 
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Introduction. 

Although stored blood is now so widely used for transfusion, there 
still exist considerable difierences of opinion as to its efficacy. The 
value of stored blood, as opposed to that of stored plasma or serum, 
lies predominantly in the ability of its erythrocytes to perform their 
biological function in the recipient’s circulation after transfusion, and 
the other cells and substances in stored blood are generally agreed 
to play a relatively unimportant role. Although this proposition is 
generally accepted, only a few workers have attempted to measure the 
in vivo survival of the transfused erythrocytes of stored blood. The 
majority of the clinical studies have been devoted to demonstrating 
the safety rather than the efficacy *of stored blood [DeGowin and 
Hardin, 1940; Stewart, 1940]. Great attention has been paid, however, 
to the -changes occurring in the erythrocytes in vitro during storage, 
and many workers have assumed [Denstedt et al., 1940] or endeavoured 
to demonstrate [Bushby et al., 1940] that these changes are correlated 
with the in vivo survival of the same erythrocytes after transfusion. 
The changes most commonly studied are the degree of spontaneous 
hEemolysis and alterations in the osmotic fragility of the erythrocytes. 

. In a previous paper [Mollison and Young, 1941] it was pointed 
out that in fact these two commonly measured in vitro properties 
are not related in any constant way to in vivo survival, and that there- 
fore conclusions based upon such' tests might be entirely fallacious. 
Two examples will emphasise this point. The erythrocytes of blood 
stored with the Rous-Turner preservative solution rapidly become 
Very fragile to hypotonic saline solutions. Nevertheless, when trans- 
used after 18 to 21 days’ storage, these erythrocytes are found to survive 
m the recipient’s blood-stream almost as well as those of fresh blood. 
Conversely, the erytluocytes of blood stored with sucrose become 
VOL. XXXI., NO. 4. — 1942. 359 25 
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Table I. — Composition or main Solutions used and Aveuage Peucentaoe 
S tmnvAL w VIVO or Gnours of Sampi.es afteii Stouage in these 
Solutions. 


Prcsorvntivo. 

Length 

ot 

atorngo 
in daya. 

Ko. of 
cases. 

Per cont. survival in vivo. 


m 

B 


A. SOLimoNS CONTAINING NO 
CABBo-nyonATn. 

I. Sodium citrate. o.c. 

Sodium citrato 3 per cent. . 100 

Blood .i^o 

6-9 

11-17 

3 

3 

72 

25 

08 

11 

61 

B9 

11. "UI.T." 

Sodium cWorido 0-7 per cent. . 270 
Sodium citrato 0'62 per cent. 
Potassium chloride 0*02 per cent. 

Mag. sulphate 0-004 per cent. 

Blood ..... 270 

8-10 

4 

78 

52 

42 

1 

m. Defihrinaied blood (Harrison & Pickon). 
Glass beads . . , .30 

Blood . . . ; .450 

6-9 

4 

89 

76 

63 

20 

IV. Reparinised blood. 

“Liquerain” 15,000 ACU or 
B.D.H. Heparin 2000 units in 
saline .... 7 /> 

, . ] .450 

G-10 

4 

76 

61 

40 

6 

V. Ezeess^ sodium citrate'. 

Sodium citrate 3 per cent. . 700 

__ Blood 300 

9 

2 

40 

22 

10 

■ 

B. SOLtniONS CONTAWINO Cabbo- 
HYDEATE, 

VI. Citrate-glucose (M.R.C.) 

Sodium citrato 3 per cent. . 100 

Glucose 30 per cent. , lo 

Blood 

0-4 

11-15 

18-19 

23-29 

15 

4 

3 

2 

104 

88 

84 

52 

101 

77 

73 

35 

86 

60 

53 

20 

49 

27 

13 

^II. Citrate-glucose. 

Sodium citrate 3 per cent, , lOO 

Glucose 30 per cent. . 40 

Blood 

11-14 

16-21 

2 

4 

89 

77 

70 

65 

60 

48 

! 

24 

20 

Vlll. CifraCe-gtucose. 

Sodium citrate 3 per cent. , loo 

Glucose 5-4 per cent. jgo 

Blood . . . . ; 340 

20 

2 

76 

61 

50 

17 

i-X. Ciiraie'glucose. 

Sodium citrate 5 per cent. . 40 

Glucose 5*4: per cent. , . jgQ 



18-20 

3 

88 

82 

69 

19 

A. Citrate-glucose (Rous-Tumer, 1016). 

Sodium citrate 3*8 per cent, , 200 
Glucose 6‘4 per cent. . . 

^1°°'^ 

17-21 

24-28 

34-35 

3 

4 

2 

100 

83 

54 

93 

78 

31 

74 

60 

37 

12 
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I more resistant than normal to hypotonic saline and undergo little 
hfefnolysis. Nevertheless, Avhen transfused after 15 daj's’ storage, 
they are almost completely eliminated from the recipient’s- circulation 
within 2 to 3 days. ' 

In view of these observations it seemed desirable to measure the 
in. vivo survival of the transfused erythrocytes of blood after storage 
in various preservative solutions, and -to discover which of the many 
recommended solutions were really effective in preserving the biological 
value of blood during storage. At the same time, the commonly 
accepted in vitro tests were applied to all samples before transfusion, 
and additional evidence was obtained' that the results of these tests 
are often fallacious guides to the in vivo survival of erytlirocytes from 
the same sample. 

Methods. 

- Anticoagulant and Preservative Solutions used. 

The cornpositions of the main solutions ^ tested are given in Table I. 
(A few solutions containing varynng amounts of both sucrose and 
glucose were also tried and are referred to below.) Solutions I-IV, 
VI, X, XII, and XIII were all tried because they are in use at present 
or because their use has been advocated. It became clear at an early 
stage of the experiments that the Eous-Turner solution had far the 
most ' favourable effect upon subsequent in vivo survival. • Solutions 
nos. V, VII-IX, and XI were tried in an effort to discover which factor 
or factors are responsible for this good effect. Thus, no. V reproduces 
the dilution of the Kous-Turner solution but lacks glucose. No. XI 
is similar to no, V, but contains. the same small final concentration of 
glucose as the standard (M.R.C.) citrate-glucose solution (no. VI). 
Three other citrate-glucose mixtures (VII-IX) that were tried contained 
amounts of glucose intermediate between that in the standard citrate- 
glucose solution and the Rous-Turner solution. 

Principle of Method of follotving in vivo Survival. 

' The fate of the transfused erythrocytes was investigated by a 
modification [Mollison and Young, 1940] of the method of Ashb)” 
[1919]. Patients of group A (or B) are transfused vdth blood of 
' group 0. After transfusion, the recipient’s blood contains two t 3 T)es 
of ceil, 0 and A. If samples are then taken, all but a few thousand of 
the A cells can be agglutinated vdth anti-A serum and the free (group 0) 
cells of the donor counted. The small fraction of A cells that are not 
agglutinated are estimated before transfusion, and this number is 
deducted from the total “inagglutinable” count to give the actual 
number of donor cells survi\ung. Sera of high titre are used and all 
counts are performed in duplicate. 
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6>G million per c.inm., and on the average 475 c.c. of cell suspension 
were transfused. 

The use of concentrated cell suspensions [Castellanos, 1937; 
]\IacQuaide and Mollison, 1940] has many advantages. Despite the 
great variations between the proportions of blood and preservative 
solutions in the different mixtures, suspensions of approximately 
similar red-cell concentration can be given in most cases. Thus a 
similar volume of suspension can bo used in the majority of transfusions, 
and blood-volume changes in the recipient tend to be standardised. 
At the same time the total amount of fluid introduced into the recipient’s 
circulation is reduced, and this is of value in reducing blood-volume 
changes. ' ^ 

Since the donor was usually group 0 and the recipient group A, 
the use of concentrated cell suspensions had the additional advantage 
of reducing to a minimum the volume of “incompatible” plasma 
transfused. The introduction of a large volume of 0 plasma into the 
circulation of patients of other groups is usually regarded as undesirable, 
particularly when the titre of the agglutinins is high. 

. Clinical Material. 

The recipients were all patients suffering from secondary anrnmia. 
Cases in which hsemolytic anmmia or intra-current hmmorrhage was 
suspected have not been included. Many of the patients were women 
who had been recently delivered and who were found to be suffering 
from a moderate hypochromic anmmia. 

Sampling of the Recipient. 

A venous sample was taken from the recipient immediately before 
the transfusion was started. The transfusion was usually completed 
in 60-120 minutes. Five minutes after the end of the transfusion a 
further sample was collected, and a third sample was taken at some 
point 4-8 hours from the beginning of -the transfusion. The next 
sample w'as usually collected 24 hours after transfusion and thereafter 
samples were obtained at convenient intervals. 

When cell suspensions prepared from blood stored for only a few 
days were transfused, it was found that the concentration of donor 
cells was usually greater in the 4r-8-hour sample than in that taken 
immediately after transfusion (see fig. 1, curve A). This suggests that 
the blood-volume is increased at the end of transfusion and that the 
excess volume is at least partly removed during the following few 
hours. Samples taken at the end of 24 or 48 hours in such cases usually 
showed a further increase in the concentration of donor cells (see fig. 1), 
suggesting that readjustment of blood-volume is not as a rule completed 
within a few hours of transfusion. When older blood is administered. 
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Tauue I — continued. 


Preservative. 

Length 

of 

storage 
in days. 

Ko. of 
cases. 

Per cent, sun-ival in viro. 

24 

hours. 

1 ' 
■week. 

3 

■weeks. 

0 

months. 

B. SOIiUTIONS CONTAINING CABBO- 


■■ 

m 





HYDRATE — coniinued. 








XI. Citrate-glucose. 


Hi 






Sodium citrate 3 per cent. 

700 


^EH 

53 

40 

29 

12 

Glucose 30 per cent. 

20 







Blood . . . . . 

280 

■1 

H 





XII. Dextrin (Slaizels, 1940). 








Sodium citrate 3 per cent. 

100 

9 

1 

82 

70 

62 

30 

Dextrin 63 per cent. 

30 

12-13 

2 

86 

57 

31 


Blood ..... 

410 







XIII. Sucrose (Wilbrandt, 1940). 








Sodium citrate 10 per cent. 

63 

7-9 

2 

85 

76 

66 

34 

Sucrose 10'3 per cent. 

375 

12-16 

6 

55 

33 

25 

8 

Blood . • . 

410 








In a few cases, in which the recipient belonged to group 0, survival 
was estimated after differential agglutination using anti-M or N sera 
and making use of differences in M and N t 3 rpe between donor and 
recipient [Landsteiner, Levine, and Janes, 1928; Wiener, 1934]. 

Use of Concentrated Erythrocyte Suspensions for Transfusion. 

Blood was taken from suppo'sedly healthy donors into the various 
solutions and stored at 3° to 7° G. until required for transfusion. 
Bottles with a capacity of 540 c.c. were usually used, but in the cases 
of solutions V, VII, and XI three-litre bottles were used because of 
the large volume of these solutions. 

On the day of transfusion two or more bottles of identical age, 
and containing blood stored unth the same anti-coagulant solution, 
were carefully removed from the refrigerator, to avoid mixing of cells 
and plasma. The bulk of the supernatant plasma was then siphoned 
off and the red cells from the bottfes concerned were pooled and well 
mixed. The bulk of this concentrated erythrocyte suspension was 
used for transfusion, but a small sample was retained for counting and 
testing. The concentration of erythrocytes in these suspensions was 
found to vary between 4-o and S-4 million R.B.C. per c.mm. The 
lower figures were found when blood that had only been stored for 
very short periods was used, and with the Rous-Turner solution in 
which the cells do not become tightly packed. The higher figures 
were found with the oldest bottles of blood and particularly with those 
stored -with sucrose, in which preservative solution the erythrocytes 
become very tightly packed. The average red-cell concentration was 
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changes are similar in the majority of cases, and this compromise 
therefore enables quite accurate comparisons to be made. 

' A further point must be considered. When old stored blood is 
transfused, cell destruction is found to be occurring during the few 
hours after transfusion, and it- is probable that it has been taking 
place during the transfusion. If this destruction during transfusion 
is appreciable, there will be a further error in taking as 100 per cent, 
the concentration of donor cells found immediately after transfusion. 
This point can be investigated by calculating the concentration of 
donor cells to be expected in the recipient’s blood-stream after the 
transfusion'" of a measured amount of blood and comparing this 
theoretical figure "with the one actually found. The calculation is 
made from the formula : 

Concentrat ion of erythrocytes in don or blood 

Concentration of donor erythrocytes in recipient’s blood-stream 
Blood-volume of recipient (after transfusion) 
Volume of donor blood 

The recipient’s blood-volume'was calculated from known height 
and weight using the table of Gibson and Evans [1937], This calcula- 
tion was made for every transfusion, and it was found that only in 
the case of a few of the samples of stored blood which later underwent 
rapid destruction was the concentration of donor cells appreciably 
lower than expected in the sample taken immediately after transfusion. 
The mechanism of this early phase of destruction is discussed below. 

In making the above calculations certain liberties had to be taken. 
It is well recognised that the blood-volume is increased in pregnant 
women [Thomson et al., 1938], and if this had not been taken into 
consideration the concentration of donor cells found in the recipient’s 
circulation, when pregnant women were transfused, would have been 
lower than expected. Conversely, in the majority of the non-pregnant 
cases the concentration of donor cells w’as usually greater than expected. 
This is almost certainly due to the fact that the blood-volume is lower 
than normal in ansemia [Gibson, 1939]. If more extensive data had 
been available of the blood-volume in ansemia and in pregnancy, it 
would probably have been better to have used these corrected blood- 
volume figures and to have calculated the expected concentration of 
donor cells from them. Then all counts of donor cells could have been 
expressed as percentages of this expected figure. 

Without an accurate estimation of the blood-volume in each case, 
it seems better to refer to the concentration of donor cells in the first 
sample as 100 per cent, survival, and to express all subsequent counts 
as percentages of this figure, even though tliis involves expressing 
some figures as 104 per cent, survival, for instance. 
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however, the concentration of donor cells is nsually lower in the sample 
taken 4-8 hours after transfusion than in that taken immediatelj* after 
transfusion, and is lower still at 24 hours (see fig. 1, curves B, C, and D). 

These observations are of importance in considering the method of 
calculating the percentage of donor cells that survive. After a fresh 
blood transfusion the most reliable method would seem to be to take 



Fig. 1. — Changes in concentration of donor erythrocytes (stored in different 
solutions) during tho 24 hours following transfusion. 

A = 4 days old citrate glucose (VI). 

B = 19 days old citrate glucose (VI). 

C = 16 days old citrate sucrose (XIII). 

D = 17 days old citrate (I). 


a sample from the recipient 48 hours after the transfusion and then, 
taking the concentration of donor cells in this sample as 100 per cent., 
to express subsequent counts as percentages of this figure. In this way, 
changes due to alterations in blood-volume would be minimised. With 
stored blood, however, this method is clearly inapplicable, because in 
many^ cases the concentration of donor cells will be lower in a sample 
taken at 48 hours than in a sample taken immediately after transfusion. 
A compromise may be effected by taking as 100 per cent, the concentra- 
tion of donor cells found in a sample obtained immediately after 
transfusion. Provided that approximately the same volume of 
siispension has been transfused, the results indicate that blood-volume 
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changes arc similar in the majority 'of cases, and this compromise 
therefore enables quite accurate comparisons to he made. 

. A further point must be considered. When old stored blood is 
transfused, eell destruction is found to be occurring during the few 
hours after transfusion, and it' is probable that it lias been taking 
place during the transfusion. If this destruction during transfusion 
is appreciable, there will be a further error in taking as 100 per cent, 
the concentration of donor cells found immediately after transfusion. 
This point can be investigated by calculating the concentration of 
donor cells to be expected in the recipient’s blood-stream after the 
transfusion^ of a measured amount of blood and comparing this 
theoretical figure ■wdth the one actually found. The calculation is 
made from the formula : 

Concentration of erythrocy tes in don or blood 

Concentration of donor erythrocytes in recipient’s blood-stream 
Blood-volume of recipient (after transfusion) 
Volume of donor blood 

The recipient’s blood-volume'was calculated from known height 
and weight using the table of Gibson and Evans [1937]. This calcula- 
tion was made for every transfusion, and it was found that only in 
the case of a few of the samples of stored blood which later underwent 
rapid destruction was the concentration of donor cells appreciably 
lower than expected in the sample taken immediately after transfusion. 
The mechanism of this early phase of destruction is discussed below. 

In making the above calculations certain liberties had to be taken. 
It is well recognised that the blood-volume is increased in pregnant 
women [Thomson et al., 1938], and if this had not been taken into 
consideration the concentration of donor cells found in the recipient’s 
circulation, when pregnant women were transfused, would have been 
lower than expected. Conversely, in the majority of the non-pregnant 
cases the concentration of donor cells was usually greater than expected. 
This is almost certainly due to the fact that the blood-volume is lower 
than normal in anaemia [Gibson, 1939]. If more extensive data had 
been available of the blood-volume in anaemia and in pregnancy, it 
would probably have been better to have used these corrected blood- 
volume figures and to have calculated the expected concentration of 
donor cells from them. Then all counts of donor cells could have been 
expressed as percentages of this expected figure. 

Without an accurate estimation of the blood-volume in each case, 
it seems better to refer to the concentration of donor cells in the first 
sample as 100 per cent, survival, and to express all subsequent counts 
as percentages of this figure, even though this involves expressing 
some figures as 104 per cent, survival, for instance. 
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. The hjemoglobin content and hsematocrit values of venous samples 
obtained during the first 24 hours after transfusion' -were measured. 
Subsequently, haemoglobin estimations were made in some cases on' 
capillary samples. The results, as might have been anticipated, were 
very irregular, since they were affected by so many factors, such as 
blood-volume changes, the amount of destruction of donor cells, the 
response of the recipient to the administration of iron, etc. Although 
in general the most prolonged and substantial increases in haemoglobin 
and hsematocrit values were found after the transfusion of samples 
that survived best in vivo, it would certainly not have been possible 
to have drawn many rehahle conclusions as to the survival of- the donor 
cells from these data, and these results are not referred to elsewhere 
in this paper. 

The bilirubin content of the serum before transfusion, immediatel)^ 
after transfusion, and 4-8 hours after the beginning of the transfusion, 
was estimated in the majority of instances by a quantitative Van den 
Bergh method. The serum was also examined b}*^ naked ej'e for 
evidence of intravascular haemolysis. 


In vitro Tests. 

As mentioned above, a sample was taken from each concentrated 
suspension of stored erythrocytes used for transfusion and kept for 
testing. Additional material was obtained by taking blood into all 
the various solutions and keeping samples for the performance of regular 
tests at 5-day intervals during a period of 28 days. Blood from 3-4 
donors was used in the case of each solution. Immediately after 
bleeding, the total amount was divided into a number of small (1 oz.) 
bottles so that a previously undisturbed sample was available for the 
performance of the in vitro tests on a given day. 

The results obtained with samples that were also used for trans- 
fusion and -vvith those kept especially for in vitro testing showed no 
consistent differences and are considered together. 

In all cases the tests were performed upon a sample of blood whose 
hmmoglobin content had been adjusted to 70 per cent. [Haldane]. 
This standardisation was particularly desirable in determining the 
resistance of the erythrocytes to shaking because the concentration of 
red cells clearly affects the result considerably. Also, in determining 
osmotic fragdity a small error is introduced by adding whole blood and 
not erythrcTcjtes only to the various saline solutions, so that in fact 
the osmotic pressure exerted by the erythrocyte is being balanced 
crainst that of a small amount of plasma and diluent solution as well as 
Tlavse amount of saline solution. It is therefore desirable to standardise 
the amount of plasma added in all the tests. . . r 

The adjustment of cell suspensions to a hamioglobm content of 
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70 per cent, was effected by adding supernatant plasma obtained from 
another portion of the sample. In performing tests upon fresh blood 
mixtures, some of the supernatant plasma was removed after centri- 
fugation if the hsemoglobin content was below 70 per cent, initially. 

(1) S2wnianeous Hmmolysis. — ^The degree of spontaneous lisemolysis 
is conveniently expressed as 

The amount of -free hmmoglobin in the p lasma x 100 p.e. 

Total haemoglobin content of the sample 

The amount of free haemoglobin in the plasma was determined after 
centrifuging a well-mixed sample of cell suspension. The colour of 
the sixpernatant plasma was then compared with different standards. 
The standards were prepared by taking a sample of blood of known 
haemoglobin content and then making convenient dilutions (OT to 
6-0 per cent. Hb — Haldane) with fresh serum as. diluent. The total 
amount of free haemoglobin in the sample was then calculated from the 
haematocrit estimation by multiplying the percentage of plasma in the 
sample by the concentration of free haemoglobin. This amount of free 
haemoglobin was then expressed as a percentage of the total haemoglobin 
content of the sample. A similar method of estimating spontaneous 
haemolysis was suggested by Maizels and Whittaker [1939]. 

It may be well to emphasise that the amount of spontaneous 
haemolysis cannot be estimated - by noting the degree to which 
haemoglobin diffuses upwards from the undisturbed erythrocytes in a 
vessel containing stored blood. This has often been pointed out before, 
but is still not always appreciated [see Crosbie and Scarborough, 194:2, 
for instance]. Amongst other factors,- the mechanical barrier of the 
leucocyte layer prevents free diffusion of liberated haemoglobin and a 
clear supernatant plasma is therefore no guarantee that the underlying 
^ erythrocytes are intact. 

(2) Osmotic 'Fragility. — The method of Dacie and Vaughan [1938] 
was used with minor modifications. Instead of adding one drop of 
blood to each c.c. of saline, a measured amount (0-04 c.c.) was added. 
Further, for convenience, the fragilities were determined at room 
temperature after it had been established that the results differed by 
only 0-04 per cent. NaCl from those obtained at 4° C. In the majority 
of cases only two readings were noted, i.e. the concentration of sodium 
chloride in which 50 per cent, of the corpuscles lysed (median corpuscular 
fragility or M.C.F. of Dacie and Vaughan), and the concentration in 
which a trace of hsemolysis occurred. 

(3) Ejfect on Osmotic Fragility of Preliminary Treatment of Erythro- 
cytes with Fresh Plasma. — A sample of the blood to be tested was spun 
for two minutes at 2000 r.p.m. After removal of the supernatant 
plasma, 1 c.c. of cells was taken and mixed with 1 c.c. of fresh, com- 
patible, beparinised plasma, or in some cases with 1 c.c. 0-86 per cent. 
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NaCl. Tlie mixtures Avere allonred to stand at room temperature for 
varying periods and osmotic fragility was estimated before and 
afterwards. 

It should be pointed out that this simple treatment does not provide 
an ideal opportunity for the diffusion of substances from stored 
erjdhrocjdes since the fresh plasma is not in excess, as it would be 
in vivo if the cells were used for transfusion. 

(4) Mechanical Fragility. — 5 c.c. of blood, adjusted to a haemoglobin 
content of 70 per cent., was placed in a 1-oz. fiat bottle with 10 c.c. 
glass beads of diameter approximately 0-4 cm. The bottle was then 
shaken for 30 minutes in a mechanical shaker. During this period the 
bottle was placed horizontally upon its narrow side. The contents of 
the bottle (without the beads) were then centrifuged and the hfeino- 
globin content of the supernatant fluid was then estimated. 

The figures for /'mechanical fragility in fig. 10 simply express the 
haemoglobin content of the plasma of a sample of standard haemoglobin 
content after shaking and centrifuging. 

(5) Mean Gorpuecular Volume {M.C.V.). — ^M.C.V. was determined 
from red-cell counts and haematocrit estimations. 

(6) pH Changes . — ^pH changes of whole stored blood were determined 
with the glass electrode. These determinations were kindly carried 
out for us by Dr, Hewitt. 

^ Resttlts. 

In vivo Tests. 

The majority of the results of the in vivo survival tests are presented 
in Table I. and some of the results are illustrated graphically in figs. 2-7. 
In order to facilitate comparison, the figures for small groups of cases 
in which blood of similar age was used has been averaged. In fact, 
the survival of blood stored in a given solution tended to be vei'y 
consistent, particularly in the solutions containing glucose, so that in 
each solution survival bore an approximately inverse relationship to 
previous length of storage (see figs. 2-7). Only one gross exception 
to this rule was found (see fig. 7). Because of this consistencj^ it seems 
permissible to draw conclusions from small groups of cases. 

In examining each group of results the survival figures for the cases 
transfused with blood stored for 0-4 days uith citrate-glucose (VI) 
may be taken as normal survival. In this group no significant difference 
was found between the cases receiving fresh blood and those receimng 
4-day -old blood. It will be noted that the percentage figures are slightly 
higher than expected from the assumption that transfused fresh blood is 
steadily eliminated over a period of SO-120 days after transfusion 
uq Wiener, 1934]. This is duo to the method of e.xpressing results 
(see above). ' 49 per cent. surviAml, for instance, means that the number 
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of surviving erythrocytes per cu. mm. is 49 per cent, of that found 
immediately after transfusion. In this group the concentration of 
donor cells found at 48 hours was 108 per cent, of that found immediately 
after transfusion. If this 48-hour figure is instead taken as 100 per 
cent., then the figure at 2 months (CO days) becomes 45 per cent. Then 
if ,55 percent, of the cells are eliminated in GO days, 100 per cent, will 

he eliminated ih — -^ - — =109 days, a figure for total survival that 
65 ' 

agrees well vdth that of Wiener. 

Sohdions J-F. {Solntions containing no Carbohydrate .) — ^The 
results for small groups of samples of comparable age are set out in 



Fig. 2. — Sodium citrate (I). 

illustrate graphically the percentage survival in vivo of samples 
ored for different periods. In fig. 4 the curves for citrate glucose VI are 
veragea (taken from Table I.). In the case of the other preservative solution 
curves illustrate the survival in single cases. The figures against the curves 
denote the length of previous storage (in days). 


a el. On the average, blood stored for from 6 to 10 days survives 
iir ess well than fresh blood, for although samples transfused after 
a^ys storage or less often survive almost as well as fresh blood, the 
average is brought down by the older samples. There is a suggestion 
a the survival of stored defibrinated blood is better than that of 
ore citrated blood (compare figs. 2 and 3). The erythrocytes of 
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blood stored with sodium citrate for 11-17 days are rapidly eliminated 
from, the circulation, only 25 per cent, remaining at 24 hours. The 
survival of blood stored with excess sodium citrate (V) is even worse 
than that of blood stored with the standard amount (I). 

Solutions XII and XIII. {Dextrin and ^Sucrose.) — ^The slight 
improvement in in vivo survival produced by adding sucrose to citrated 



blood during storage is shown bj'^ comparing the 12-16-day'Old group 
of the former (XIII) with the 11-17-day-old group of the latter (I). 
It must be pointed out, however, that in one case in which blood stored 
for 14 days with sucrose was transfused, very good survival was found 
(see fig. 7). Survival in 4 other cases recemng 14-16-day-oId blood 
was very poor. As mentioned above, tliis was the only occasion in this 
entire series of experiments in wliich such a gross inconsistency was 
found. 

An interesting difference was noted between blood stored with the 
citrate sucrose and plain citrate mixtures with regard to the rate of 
elimination of “out-of-date” blood. A t^ncal example is given in 
ficT 1 where it is seen that although the survival of the two comparable 
samples (C and D) is similar at 24 hours, the initial destruction of the 
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citrate sample in the first few hours is far greater. Whereas the 
erythrocytes of the sucrose sample are eliminated at a more or less 
uniform rate, a considerable percentage (50 per cent.) of those 
of the citrate sample are eliminated in the first five hours and the 



Fia. 4. — Citrate glucose. 

A = 0-4 days. 

B = 11-15 days. 

C = 17-21 days. 

D =23-29 days. 

I = citrate glucose (VUI) 20 days. 

II=citrate +final 4 per cent, sucrose 20 days. 


remainder are then more slowly destroyed. The significance of this 
diligence is not understood, but it was observed in several cases. 

The addition of dextrin (XII) to citrated stored blood also appears 
to prolong survival slightly, although 50 per cent, of the erythrocytes 
o lood stored for 12-13 days with this preservative are found to be 
eliminated within one week of transfusion (see fig. 6). 

SohUions VI~XI. (Solutions containing Glucose.)~When the sur- 
’^uth glucose is examined, a great improvement 
is detectable. Thus in the case of solution VI, for instance, an obvious 
'fi survival IS not apparent until blood stored for 11-15 days 
used (see fig. 4), and even when 18-19-day-old blood is used, 73 pL 
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cent, of the donor cells are found to be surviving in the recipient’s 
hlood'Stream one Tveelc after transfusion. The latter figure may bo 
contrasted with that for the group transfused mth blood stored for 
11-17 days in sodium citrate only, in which only 11 per cent, of the 
transfused cells were found to be surviAung one week after transfusion. 

The survival of blood stored with the Eous-Turner solution (X) 
(see fig. 5) is considerably better even than that of the standard citrate- 
glucose solution (VI). Thus, the average survival in a group of 3 cases 
receiving blood stored for 17-21 days with this solution is not greatly 
different from that of fresh blood (Table I.). Even when blood stored 
■ with this solution for 28 days is used, there is no wholesale rapid 
destruction of the transfused cells and approximately one-third are 
still present one month after transfusion. 

The smvival of blood stored with other citrate-glucose mixtures 
(VII, VIH, IX) does not seem to be much different from that of blood 
stored vdth the standard citrate-glucose solution if the groups of similar 
age are couSpared. The survival of the group stored with solution IX, 
however, does seem to be slightly better than that of the standard 
citrate-glucose mixture (VI), the difference being most suggestive when 
the figures found 3 weeks after transfusion are compared (69 per cent, 
survival compared with 53 per cent, for the standard citrate-glucose 
in small groups of similar age). 

Blood stored with the citrate-glucose solution, which contains a large 
relative volume of sodium citrate (XI), survives less well than blood 
stored with the other citrate-glucose solutions. 

Additional Preservative Sohitions. — ^In a few cases, combinations 
of sucrose and glucose were tested for their effect upon preservation. 
The addition of glucose in a final concentration of 0-6 per cent, to the 
citrat^sucrose preservative (XIII) or of sucrose (final concentration 
4-3 per cent.) to the standard citrate-glucose solution (VI) were both 
tried. In each case the survival of the blood was not significantly 
different from that stored with glucose alone, although the in vitro 
properties of the blood were considerabty altered (see below). 

The addition of sucrose (final concentration of 4-3 per cent.) to the 
Eous-Turner solution also affects the results of in vitro tests made upon 
the blood vnth which it is stored ; the effect upon the subsequent in viva 
survival was only studied in one case and the small difference observed 
cannot be considered significant (see fig. 5). 

In case the greater concentration of sodium citrate in the Rous- 
-Turner solution (as used in these experiments) had any effect upon the 
in vivo survival, one case was transfused vith blood stored for 21 days 
in solution VI, modified to contain 4 per cent, instead of 3 per cent, 
odium citrate. Survival was very similar to that of blood stored for 
® -milar period with the unmodified solution VI. DeGowin, Harris, 

pjjjgg [^19403 have pointed out that Rous and Turner used 
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sodium citrate with 5i molecules of water of crystallisation, whereas 
in the present experiments ’ citrate with 2 molecules of water was 
used. The solution used in the present experiments therefore contains 
a higher concentration of sodium citrate than the original Rous- 
Turner solution. 

The Effect of Preventing Sedimentation. — Fahraeus [1939] has claimed 
that when erythrocytes lose contact with plasma, lysoleeithin is formed 



' Fio. 7. — Sucrose (XIII). 


and the erythrocytes become spherocytic, and are then, according to 
him half-way to hmmolysis. The development of lysoleeithin can be 
nrevented by keeping cells and plasma in contact— by agitating the 
blood for instance. A simple experiment was devised to see whether, 
if stored blood were prevented from sedimenting, the survival of the 

cells after a given time would be improved. 

Blood was taken into the standard citrate-glucose mixture and the 
bottles were placed in a refrigerator in the ordinary way. During the 
firct 24 hours the bottles were inverted and mixed several times, on 
f +1 o Tipvt four days 'they were mixed several times; on each 
'f.’; , S k°ys tSy „nd inverted every 12 houre, 

tetter once n dny.’^ TMs simple treatment did not completely 
and tot it ensured a very mnoli greater degree of 

Srt Tet^en tells tnd plasma than nsnally oeonrs daring storage. 
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At the end of 19 days, 2 bottles of blood treated in’ this way were given 
to each of 3 patients and the in vivo survival of tlie erythrocytes was 
followed. Survival w'as found to he less good, if anything, than that 
of Wood stored for the same period in the same solution but allowed 
to sediment completely. 

Serum Bilirubin Changes . — The bilirubin content of serum samples 
obtained from the recipient at intervals after the transfusion of blood 
stored in different solutions is set out in Table II. 


Table II. — Changes in Sekuji Bilihubin Concentbation following 
Transfusions of Storeb Blood. 





Serum Bilirubin, mgm. per cent. 


Time of 

No. of 
cases. 





Preservative. 

storage 

(days). 

Before. 

0-2 

hours 

after. 

4-6 

hours. 

24 

hours. 

A. Tliose containing no glu-. 

S-10 

19 


0-6 

1-2 

0-3 

cose, i.e. I-V, XII, and 

xni. 

n-17 

11 


0-7 

2-4 

OS 

B. Citrate-glucose mixtures, 

■SI 

15 

0-0 

0-3 

0-5 

0-0 

except Eous -Turner. 


6 

0-0 

0-2 

0-7 

0-0 



16 

0-1 

0-7 

1-3 


C. Eous-Turner (X) . 

17-21 

4 

0-0 

0-3 


0-3 


24-28 

4 

0-1 

0-3 


0-3 


To show the relationship between the degree of in vivo destruction 
of donor blood and the increase in the bilirubin concentration in the 
recipient’s serum, the cases have been divided into three groups accord- 
ing to the results of the m vivo survival experiments. 

Samples were taken before, immediately after, 4-6 hours after 
(4-8 hours from the beginning), and 24 hours after transfusion. The 
time 4-6 hours was chosen because it has been shown that the rise in 
serum bilirubin after the transfusion of stored blood is maximal at 
this time [Vaughan, 1942]. 

It is clear from the table that after the transfusion of stored blood 
of a given age the rise in bilirubin is greater 4r-6 hours after transfusion 
than it is immediately after transfusion, and that by the end of 24 hours 
the level has practically returned to that prevailing before the trans- 
fusion. The low initial figures are to be explained by the fact that 
almost all the recipients were suffering from a secondary anmmia. 

The greatest increase in serum bilirubin was found after the trans- 
fusion of blood stored without glucose, that is to say in cases in which 
the greatest amount ,of destruction of donor blood occurs, and the 

VOL. XXXI., XO. 4— 1942. OA 
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sodium citrate with SJ molecules of w^ater of crj^stallisation, whereas 
in the present experiments ' citrate with 2 molecules of water was 
used. The solution used 'in the present experiments therefore contains 
a higher concentration of sodium citrate than the original Roiis- 
Turner solution. 

The Effect of Preventing -Sedimew/atioji.— Fahraeus [1939] has claimed 
that when erythrocytes lose contact with plasma, lysolecithin is formed 



' FiO. 7. — Sucrose (XIII). 


and the erythrocytes become spherocytic, and are then, according to 
him, half-way to' haemolysis. The development of lysolecithin can bo 
prevented by keeping cells and plasma in contact — by agitating the 
blood, for instance. A simple experiment was devised to see whether, 
if stored blood were prevented from sedimenting, the surviv’al of the 
cells after a given time rvould be improved. 

Blood was taken into the standard citrate-glucose mixture and the 
bottles were placed in a refrigerator in the ordinary -way. During the 
first 24 hours the bottles were inverted and mixed several times; on 
each of the next .four days’ they were mixed several times; on each 
of the next four days they w'ere mixed and inverted every 12 Jiours, 
and thereafter once a day. This simple treatment did not completely, 
prevent sedimentation, but it ensured a very much greater degree of 
contact between cells and plasma than usually occurs during storage. 
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.The hemolysis which occurs when blood is stored with high con- 
cenirations of glucose (E, see fig. 8) is less than with low concentrations 
',(D, fig. 8). This is true whether small or large relative volumes of 
glucose solution are added to blood provided that the final concentration 
of glucose is high. 

(2) Osmotic Fragility Changes (see fig. 9). — Osmotic fragility was 
fmmd to increase progressively in blood stored with sodium citrate, 



Daj's 

FIO^ 9. — Osmotic fragility. 

A =Rous.Tumer (X). 

B = sodium citrate (1). 

C = citrate glucose (VII). 

D =citrate glucose (VI). 

E = Rous.Tumer +finai 4 per cent, sucrose. 

F =sucrose (XIU). . 

I.H.T., and in heparinised and defibrinated blood. The increase in 
osmotic fragility occurred at a slightly slower rate in I.H.T. than in 
simple sodium citrate. 

The addition of a small amount of glucose to sodium citrate results 
in a diminution of the progressive increase in M.C.F. The addition of 
larger amounts increases osmotic fragility, however, and in the Rous- 
Turner solution the erythrocytes rapidly become very fragile to 
hypotonic saline solutions. > 
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smallest increase is seen to occur after tlie transfusion of blood stored 
with the Rous-Turner solution where destruction of donor blood is 
minimal. 

Haemoglobin^mia was only observed on three occasions, once after 
the transfusion of blood stored for 28 days in the Rous-Turner solution 
(X), once with blood stored for 19 days in citrate-glucose (IX), and 
once with blood stored for 17 days in sodium citrate (I). 

In vitro Tests. 

(1) Spontaneous Hoeniolysis (see fig. 8). — The preservative solution 
I.H.T. appears to be considerably more effective in preventing 



Fig. 8 . — Spontaneous htemolj-sis. 
b }=“0 

C= dextrin, sucrose (XII, XIII). 

D =glucose 0-6-I-0 per cent. (VI, VXII). 

E =glucoso 2-2-2-7 per cent, (ni, X). 

hffimolysis than is a simple solution of sodium citrate. The effect of 
glucose in inhibiting the htemolysis of stored blood is now familiar; it 
^11 be seen that sucrose is almost as effective as low concentrations of 
glucose in inhibiting htemolysis. Dextrin was found to be as effective 
as sucrose in the particular concentration used (see Table I.). 
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(5) 3Iean Cor 2 msciiIar Volume {M.C.V.).--~hi general, a progressive 
increase in cell volume vas found in all solutions except nos. V and XI, 
which contain an excess of sodium citrate, and solution XIII and the 
other solutions containing sucrose. 



Fio. 10. — Mechanicnl fragility. 

A=excess Eodium citrate (V). 

B =heparin (IV). 

C = sucrose (Xlil). 

D = citrate, I.H.T. (I and II). 

E =;RouB-Tumer (X). 

F =citrat6 glucose (VI). 

G=citrate glucose (VII). 

At 8-13 days the average hl.C.V. in a small group stored with sodium 
citrate (I) and I.H.T. (II) was 95 and was slightly higher (104 /jV) 
in a group of similar age of defibrinated and heparinised bloods 
(111+ IV). 

In the citrate-glucose mixtures M.G.V. w^as greater in the solutions 
which contained the greater relative volumes of glucose solution. 
Thus in a group stored for 16-21 days in solution VII it averaged 96 [V, 
whilst in a group stored for 18-20 days wdth solution IX it was 106 fjfi. 

M.C.V. in solution V (excess citrate) was 66 fV at 9 days, and in the 
similar solution containing a small amount of glucose (XI) was slightly 
higher (71 p®). Six samples stored in sucrose (XIII) for 7-16 daj'^s 
had an average M.C.V. of 68-5 
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Osmotic fragility was diminished in “excess” sodium citrate 
(solution V), altliough after 10-14 days’ storage fragilitj' started to 
increase. Sucrose, in a final concentration of 4-3 per cent., also reduces 
osmotic fragility. Similarly the addition of sucrose to citrate-glucose 
solutions results in a considerable decrease in osmotic fragility. When 
sucrose is added to the Rous-Turner solution, fragilitjr first increases, 
then dimimshes, then increases again (see fig. 9). 

(3) on the Osmotic Fragility of Preliminary Treatment of the 

Erythrocytes with Fresh Plasma.— Samples of blood stored for 11-13 days 
with three different solutions lacking glucose (III, IV, V) were tried. 
It was found that there was no significant reduction of the alreadj’- 
increased osmotic fragility after the samples had stood for 11 to 3 hours 
in fresh plasma. Blood stored in sucrose for 5 and 12 days also showed 
no change after treatment with fresh plasma, even after periods up to 
24 hours. It will be remembered that in this solution osmotic fragility 
becomes lower than normal during storage. Samples stored for 11 
and 19 days in solution XI, in which osmotic fragility is also found to 
become lower than normal, showed no alteration in M.C.l?. after 3 and 
9 hours in plasma or when treated with 0-86 per cent. XaCl. 

Five citrate-glucose mixtures were next tested (VI, VII, IX, X, XI). 
Samples of blood stored for 14 and 21 days with solution VI showed a 
change in M.C.F. from 0-47 to 0-43 per cent. NaCl and from 0-50 
to 0'42 per cent. NaCl respectively after 31- hours in fresh plasma. The 
M.C.F. of a sample stored for 8 days in solution VII was reduced from 
0-52 to 0-36 per cent, in 3 J hours. Samples stored from 18 to 20 days in 
solution IX showed an average change in M.C.F. from 0-70 to 048 per 
cent. XaCl at the end of 1 hour and to 040 per cent. NaCi at the end 
of 5 hours. Samples stored with the Rous-Turner solution for 21 clays 
showed a change in M.C.F. from 0-71 to 045 per cent. NaCl in 1 hour. 
In the above experiments a slightly smaller reduction in M.C.F . occurred 
when the samples were placed in 0-86 per cent, saline instead of plasma. 

Finally, a few samples of blood stored for much longer periods in 
citrate-glucose mixtures were tested. The M.C.F. of blood stored in 
solution VI for 32 days was reduced from 0-67 to 0-62 per cent. NaCl in 
hours, and that of blood stored in the Rous-Turner solution for 
49 days was changed from O-SG to 0-66 per cent. NaCl in the same 
period. 

(4) Mechanical Fragility.— As shown in fig. 10, a progressive 
increase in mechanical fragility occurs during storage in all solutions. 
The figures in fig. 10 for citrate-sucrose (XIII) and for the Rous-Turner 
solution (X) differ sh'ghtly from those published previously [MolJison 
and Youno", 1941]. This is due to the fact that the present estimations 
are based upon a larger number of samples and also because, owing to 
a mistake in the previous paper, an incorrect average figure was given 
for the sucrose samples. 
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erythrocytes were found survi^^ng 6 weeks after transfusion ; no details 
of the number of cases or the length of storage are given, however. 

Wiener and Schaefer [1939] estimated the survival of stored citrated 
blood and found an inverse relationship between length of storage and 
length of survival. Blood stored for 6 days or less was not completely 
eliminated from the recipient’s circulation for 9-15 weeks, but blood 
stored for more than a week was much more rapidly eliminated. This 
conclusion will be seen to agree closely with that reached from the 
present results. Rather shorter survival was found by Bushby et al. 
[1940], and very much shorter survival by Belk and Barnes [1941]. 

The falling off in survival after 6 days’ storage that has been found 
by several workers may well be correlated with the virtual disappearance 
of glucose from stored citrated blood that occurs at about this time. 

Solutions containing Glucose. — ^The survival of blood stored ■with 
citrate-saline-glucose and citrate-glucose mixtures has previously been 
'estimated by Bushby et al. [1940], Maizels and Patterson [1940], and 
Mollison and Young [1940]. Bushby et al., using 40 c.o. of 5 per cent, 
glucose to 440 c.c. blood, followed survival for 5-26 days after trans- 
fusion. They;^ found that survival was much better than with stored 
citrated blood, but their estimate that only about 60 per cent, of the 
erythrocytes of blood stored for 8-14 days are survi'ving at the end 
of 6 days is distinctly lower than that described in the present paper. 
These workers do not explain how they calculate percentage survival, 
and it is possible that the method they use partially explains the 
difference in estimates. Alternatively, the shorter survival found by 
them may be due to the fact that they used a lower concentration of 
glucose. 

Maizels and Patterson, using a citrate-saline-glucose solution (final 
concentration of glucose in blood mixture 1 per cent.)_, found more than 
75 per cent, of donor erythrocytes survi-ving after 6 days and 46-100 
per cent, after 16 days when blood stored for 7-14 days was used. In 
most cases survival was not followed to completion. 

Mollison and Young [1940], using the same solution as Maizels and 
Patterson, found that the total time of life of erythrocytes transfused 
after 0-17 days’ storage was at least 70-90 days and that, although 
there was some initial destruction of the older bloods shortly after 
transfusion, the majority of the cells survived normally. 

Kriipe [1941] used a “direct” method of identifying donor cells 
with anti-M and N test fluids and found rather variable survival after 
the transfusion of blood stored for 1—9 days in a citrate-glucose mixture. 
Donor cells were identified at periods ranging from 9 to 44 days after 
transfusion, but in the majority of cases survival was not followed 
to completion. 

The results of the present series of experiments "with the standard 
citrate-glucose mixture are in close agreement, as to the total time 
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(6) pH Changes . — ^The pH changes observed in blood stored with 
some of the preservative solutions have been represented grapbicallj- 
in fig. 11. A progressive fall occurs during storage in all solutions 
except dextrin. pH is lowered in the solutions containing glucose, and 



Fio. 11. — ^pH' changes. 

A =citrate (I). 

B=dextrin (XII). 

C= citrate glucose (VI). 

D =sucrose (XIII). 

E=Rous-Tumer (X). 

is lower in the Rous-Turner solution (X) than in the standard citrate- 
glucose mixture (VI). The changes in the citrate-sucrose solution 
(XIII) are similar to those in the Rous-Turner solution, although pH 
is initially lower in the former. 

DiscnssiOK. 

In vivo Survival Tests. 

In the case of most of the solutions used it is not possible to compare 
the results of the in vivo survival tests ivith those of other workers 
because no previous estimates have been published. Several workers 
have, however, estimated the survival of hlood stored in citrate or 
citrate-saline mixtures, and a few workers have used solutions containing 
small amounts of glucose. 

Solutions lading Ghicose . — Vlados [1934] in a paper on the solution 
I H T mentions that the Ashby method was used and that some 
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stances. Firstly, when hajmolysed stored blood is transfused, sufficient 
free hfemoglobin might he injected to produce bacmoglobinsemia even 
if no immediate destruction of donor cells occurred in vivo. Secondly, 
if blood is appreciably hsemolysed by being brought into contact vdtb 
fresh compatible plasma, its transfusion would be expected to result 
in an approximately equal degree of intravascular haemolysis in vivo. 
Thirdly, the transfusion of aged erythrocytes might be followed by 
intravascular breakdown by mechanical forces. 

In practice it is found that only the first and second possibilities 
occur. That is to say, hsemoglobinsemia only follows when sufficient 
free hcemoglobin is injected or when blood that is hsemolysed by fresh 
plasma in vitro is transfused. In the second case, the in vitro test of 
bringing a sample of the donor blood into contact Avith fresh plasma 
at room temperature may give an exaggerated impression of the degree 
of hsemolysis to be expected in the recipient’s plasma in vivo, because 
the osmotic fragiUty of erythrocytes is appreciably lower at 37° C. 
Thus in one of the cases transfused with the Rous-Turner solution, 
although 10-20 per cent, of the donor cells lysed in fresh compatible 
heparinised plasma at room temperature, no hsemoglobinaemia was 
noted although the transfusion was completed Avithin 60 minutes. 
Nevertheless, it seems clear that one of the Hmitations to the amount 
of glucose that can be used in the storage of blood is the production of 
such a degree of hypertonicity in the erythrocytes that a proportion of 
them rupture on contact with the recipient’s plasma. In the Rous- 
Turner solution it is apparent that this border-line is reached in some 
samples. HoAvever, as pointed out above, the solution used in the 
present experiments contained a slightly higher concentration of sodium 
citrate than the original solution, and this may possibly increase osmotic 
fragihty slightly. In that case the hremolysis in fresh plasma of 
erythrocytes stored in the Rous-Turner solution Avould seldom, if ever, 
occur Avith samples less than 28 days old. 

From the results of in vitro experiments upon the effect on the 
osmotic fragility of erythrocytes stored in citrate-glucose mixtures, of 
alloAving them to stand in fresh plasma, it would be expected that the 
majority of the erythrocytes of blood stored in the Rous-Turner solution 
for, say, less than 28 days would acquire a normal osmotic fragility 
in vivo after transfusion. Thus it is not surprising to ,find that the 
transfusion of such blood does not affect the curve of osmotic fragility 
of blood taken from the recipient immediately after transfusion. In 
3 cases fragility was found to be precisely the same in samples taken 
before and after transfusion, although it could be shoAvn that the latter 
sample contained considerable numbers of donor cells. 

EAmn when destruction is very rapid, as after the transfusion of 
blood stored Avithout glucose for more than 12 days for instance, it can 
be shoAvn to be almost entirely extravascular and the disappearance 
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of survival of the transfused erythrocytes, with the observations of 
MoUison and Young [1940] upon the survival of blood stored in a citrate- 
saline-glucose mixture. In the present series, however, rather more 
attention has been paid to the phase of destruction that occurs immedi- 
ately after transfusion as it is clear that, although the total time of 
survival of a given sample of stored blood may be little less than 
normal, the value to the recipient may be much reduced if the normal 
percentage of transfused erythrocytes do not survive during the period 
immediately following transfusion. 

By taking a sample from the recipient immediately after a relative^ 
rapid transfusion before appreciable destruction has occurred, the 
small degree of destruction that takes place in the next few horns is 
more clearly appreciated, and a more accurate estima.te of the percentage 
of cells that survive subsequently is obtained. This point is emphasised 
in fig. 4, from which it wiU be seen that although the total time of 
survival of blood stored for 11-15 days in the standard citrate-glucose 
solution is virtually as long as that of fresh blood, the percentage 
survival at intervals after transfusion is definitely lower in the former 
group and the blood is thus of slightly less value to the recipient. 

In vivo survival was not improved by increasing the contact between 
cells and plasma during storage, that is to say by conditions which 
should, according to Pahraeus’ theory, have appreciably diminished 
lysolecithin formation. Lloyd [1941] has sho%vn that hremolysis occurs 
in kept blood even when lysolecithin formation is almost completely 
prevented. 

Bilirubin Changes . — Although the relationship between blood 
destruction and an increase in serum bilirubin shows clearly when the 
cases are averaged, great variations are found if the eases are considered 
separately. This is to be expected, since an increase in serum bilirubin 
depends upon many factors, of -which the degree of destruction of donor 
blood is only one. Other factors are the exact time after transfusion 
at -n'hich the sample is taken, the amount of blood given in relation to 
the blood-volume of the recipient, the efficiency of the liver in clearing 
the plasma of bilirubin, and destruction of the recipient's erythrocytes. 
(It has recently been sho-wn by Aubert [1942] that the transfusion of 
serum or plasma of group 0 to recipients of group A often causes a 
rise in serum bilirubin, together unth other signs of blood destruc- 
tion.) 

The Occurrence of Hccmoglobincemia and the Fate of “Fragile” Cells 
after Transfusion . — ^As mentioned above, hmmoglobinmraia was en- 
countered more often (2 cases) after the transfusion of blood stored in the 
“best” solutions (IX and X) than after the transfusion of blood stored 
without glucose (1 case), although survival was so much inienor in 

the latter. ... 

Hmmoglobinffimia might be expected to occur m various circum- 
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reduced. Conversely, blood stored in the Rous-Tui-ner solution shows 
verj'^ little hajmol3^sis despite the great swelling and increased osmotic 
fragility of its erythrocytes. As Maizels and Whittaker point out, 
degeneration of the red-cell membrane may also be important in deter- 
mining the onset of hcemotysis in stored blood, and it seems likely from 
these observations that in some solutions it is the more important factor. 

(2) Osmotic Fragility —The figures for the sodium-citrate solution 
are verj’’ similar to those noted by other workers using citrate and 
citrate-saline mixtures [Crosbie and Scarborough, 1940; Bushby et al., 
1940; Dubash ei al., 1940]. The slightly slower rate of increase in 
osmotic fragility found in blood stored with I.H.T. agrees with the 
observations of Bagdassarov [1937]. « 

Manj'^ workers [Bushby et al., 1940; Dubash et al., 1940; Denstedt 
et al., 1940] have noted that the addition of small amounts of glucose 
to sodium-citrate solutions slows the progressive increase in osmotic 
fragility that occurs during storage, whereas the addition of larger 
amounts increases osmotic fragility, as also noted by Wilbrandt [1940]. 
On the basis of these observations, these authors have recommended 
solutions containing small amounts of glucose. 

The observation that erythrocytes stored in the Rous-Turner 
solution rapidly become very fragile to hypotonic saline solutions 
has not apparently been made before. Willenegger and Ottensooser 
[1940] found scarcely any increase in osmotic fragility during storage 
with this solution, but they washed the corpuscles before estimating 
fragility. The effect of allowing erythrocytes stored in the Rous- 
Turner solution to stand in fresh plasma has been discussed previously 
[Mollison and Young, 1941], and the whole question of the significance 
of the osmotic fragility of erythrocytes stored in citrate-glucose solutions 
will be discussed again below. 

In considering the significance of changes in the osmotic fragility 
of stored erythrocytes, several factors must be taken into account. 
Osmotic relationships, changes in cell shape, and alterations in the 
permeability of the red-cell membrane aU play a part. 

Although the red-cell membrane is normally impermeable to cations, 
potassium diffuses out of the red cell during storage [Duliere, 1931], 
and there is a coincidental inward diffusion of sodium as shown by a 
decrease in plasma sodium [Jeanneney et al., 1939]. These changes 
begin within 30 minutes of drarving blood [Douuiman, Oliver, and 
Young, 1940] and are well advanced by the end of 5 days. At this 
time it seems likely that the total base content of the stored erythrocyte 
is not greatly altered because osmotic fragility is scarcely greater than 
normal (see fig. 9). Up to this time at least, therefore, an increase in 
corpuscular sodium is probably balanced by a decrease in corpuscular 
potassium. 

Cell haemoglobin, however, exerts a greater osmotic pressure than 
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from the circulation of the equivalent of, say, 300 c.c. of donor Wood 
-m a fev hours can be observed without any accompanying htemo- 
globmmmia. Vaughan [1942] has demonstrated that methEemalbumiri 
[Fairley, 1940] cannot be detected in the recipient’s plasma after the 
transfusion of stored blood, and this finding excludes the occurrence of 
all but small degrees of intravascular hasmolysis. 


In vitro Tests. 

(1) Spontaneous Hceniotysis. — The majority of the results are merely 
confirmatory of earlier work. The effect of I.H.T. in dela3nng the 
haemolysis of stored blood was first described by Eagdassaroy [1937], 
The much more pronounced effect of glucose was first noted by Rous 
and Turner in 1916 and has since been confirmed repeatedlj'. Rous 
and Turner also noted that sucrose is almost as effective as glucose 
in delaying hiemolysis. Maizels and Whittaker [1940 a] have claimed 
that dextrin is more effective than glucose in inhibiting the htemolj'sis 
of stored blood, and have suggested the use of dextrin as a preservative 
when it is desired to keep blood for long periods. In the present 
experiments, however, dextrin was not found to be as effective as high 
concentrations of glucose in inhibiting haemolysis in vitro, and, as 
mentioned above, was found to have a far less favourable effect than 
glucose upon subsequent in vivo survival. 

From the results it is clear that solutions which delay hfemolysis in 
vitro do not necessarily have a comparable effect upon in vivo survival. 
Bushby et al. [1940] pointed out that absence of hcemolysis in a sample 
of blood stored in citrate glucose did not necessarily imply good in vivo 
survival, and Maizels and Whittaker [1940 6] considered that a substance 
which delays hsemolysis in vitro might not have much effect upon in 
rvivo survival. 

A comparison of the results obtained with citrate-glucose mixtures 
VI and VII lends further emphasis to this point. The latter solution 
contains approximately four times as much glucose as the former and 
is considerably more effective in delaying haamotysis. Nevertheless, 
in vivo survival of erythrocytes stored vdth the latter solution is no 
better than that of ery^throcydes stored vdth the former. 

In connection with the spontaneous hsemolysis that occurs in blood 
during storage, Maizels and VTiittaker [1940] suggested that this was 
mainly due to the progressive swelling and final bursting of the 
erythrocytes. Blood stored in sucrose, however, starts to luumolyse 
at a time when its erythrocytes show' no trace of hcemolysis in 0-50 per 
cent. NaCl, and exhibits as much as 2 per cent, spontaneous ha?molysis 
when its erythrocj'tes still show' no trace of hcemolysis in isotonic saline. 
The findings with the solution containing an excess of sodium citrate (V) 
are almost identical, and with both these solutions mean cell volume is 
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This might be explained in one of two ways. Either the osmotic 
pressure maj^ bo greater in the plasma-diluent phase of blood stored 
with solution VII, and this may hinder the free passage of glucose into 
the red cell, or, assuming that the glucose concentration in the water 
phase of the red cells is the same after a given period in both cases, 
the greater cell volume of erythrocytes stored in solution X might be 
responsible for their greater fragility to saline solutions, since when 
the tests arfe made water probably' enters the red cells more rapidly 
than glucose can escape from them. There is an approximate relation- 
ship between the M.C.F. of the erythrocytes in different citrate-glucose 
mixtures and their subsequent in vivo survival. 

If the erythrocytes stored with solutions VII and X contain the 
same concentration of glucose (see above discussion), the superior 
survival of those stored in solution X might be due to their greater size 
and consequently to the greater absolute amount of glucose that they 
contain. One difficulty in accepting this explanation hes in the fact 
that when sucrose is added to solution X during storage the mean cell 
volume of the corpuscles is much reduced, together with the osmotic 
fragility, at a certain phase of storage, but subsequent survival in vivo 
does not seem to be significantly affected. 

At all events it seems clear that the action of glucose is chemical 
rather than physical. This was emphasised by Rous and Turner, who 
pointed out that one action of sugars was their ability to retard 
proteolytic digestion. Maizels [1941 6] has suggested that the inhibition 
by glucose of the release of organic phosphates may be a factor in 
prolonging survival. 

(3) Effect on Osmotic Fragility of Treatment with Fresh Plasma . — 
Maizels and Patterson [1940] have pointed out that when stored 
erythrocytes are placed in fresh plasma, a loss of sodium from the 
erythrocytes cannot take place by a feimple physical process in view of 
the high sodium content of normal plasma. Therefore, alterations in 
osmotic fragility occurring during storage that are not affected by 
treatment of the erythrocytes with fresh plasma are probably due to 
alterations in the base content of the erythrocytes. Alterations in 
osmotic fragility that areyeversed by treatment of the erythrocytes 
with fresh plasma, on the other hand, may be assumed to be due to the 
presence in the erythrocytes of diffusible osmotically active substances 
in a concentration greater than that in fresh plasma. 

With these considerations in mind it seems likely that the reduced 
osmotic fragility of erythrocytes stored in solutions V and XIII, and 
the increased osmotic fragility of erythrocytes stored for 11 to 13 days 
in solutions III, IV, and V, are due to alterations in the base content 
of the erythrocytes. The increased osmotic fragility of erythrocytes 
stored in citrate-glucose mixtures, on the other hand, seems likely to 
he due to the presence of glucose in the erythrocytes since treatment 
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plasma protein, so that after a time salts continue to enter the red cell 
without a corresponding outward diffusion of potassium. This sugges- 
tion was put forward by Maizels and Whittaker [1939] to explain°the 
increase^ in osmotic fragility and mean cell volume that they found 
in erythrocytes stored with a citrate-saline mixture. 

When blood is stored with sucrose, to which the red-cell membrane 
is impermeable, presumably the osmotic pressure of the sucrose more 
than counteracts that of the cellular hsem'oglobin [Wilbrandt, 19-10], so 
that salt may actually be lost from the red cell and osmotic fragility 
is found to be lower than normal. The low osmotic fragility of blood 
stored with a large volume of sodium citrate is difficult to explain. • 

When blood is stored in certain citrate-glucose mixtures, changes 
in osmotic fragility may occur’ much earlier and may be of far greater 
extent. In the case of the Rous-Tumer preservative solution, for 
instance, median coipuscular fragility rises to 0-66 per cent. HaCI in 
G hours from the time of bleeding. Such a rapid increase in osmotic 
fragility cannot be due to an increase in corpuscular sodium, because 
sodium only diffuses slowly into the red cell, and, moreover, no such 
increase in M-C.R. is found in erythrocytes stored with a similar 
concentration of sodium citrate but without glucose. 

It seems certain that the rapid increase in osmotic fragility of blood 
stored in the Rous-Turner solution is due to the diffusion of glucose 
into the red cell, a process which is known to take place fairly rapidly 
[Klinghoffer, 1940]. Maizels [1941 a] also concluded that the presence 
of glucose in red cells might increase osmotic f^agilit 3 ^ It is to be 
expected, then, that the median corpuscular fragility of erythrocytes , 
stored in citrate-glucose mixtures would give a measure, other factors 
being equal, of the amount of glucose that they have taken up. 

Since glucose diffuses into human erytlirocytes so readily, the term 
“isotonic” .when applied to glucose solutions is misleading. Rous and 
Turner [1916] believed that human erythrocjdes were impermeable to 
aU sugars and chose ah isotonic solution of glucose. DeGo-svin, Harris, 
and Plass [1940], modifying the Rous-Tumer solution by reducing 
the amount of sodium citrate, also chose 5-4 per cent, glucose because 
they found that concentration to be isotonic vith human serum 
according to depression of freezing-point experiipents. 

When glucose solutions are added to blood it is true that they will 
either lead to swelhng or shrinking of the erythroc 3 des according as 
their concentration is low or high; but it is important to realise that 
conditions are progressively modified by the diffusion of glucose into 


It was found that although in general M.C.F. varied directly with 
+riP concentration of glucose in the mixture, osmotic fragility was mucli 
greater in solution X than in solution VII (sec fig. 3), although both 
mlutions contain approximately the same final concentration of glucose. 
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it mil be seen that erythrocytes stored udth solution V are also more 
fragile to shaldng than erythrocytes stored mth the Rous-'X’urner 
solution. DeGowin et al. also tested blood stored mth a small relative 
volume of citrate, but were unable to compare the results with those 
obtained with the Rous-Turner solution because of the greater concentra- 
tion of erythrocytes in the former and because no standardisation of 
the concentration of blood used for the test was attempted. Their 
conclusion that erythrocytes stored in a dextrose -citrate mixture resist 
shaking better than do those stored in sodium citrate alone does not 
seem to us to be a justifiable deduction from the evidence presented. 

(5) Mean Corpuscular Vohime (M.C.V.). — An increase in M.C.V. 
during storage in citrate-saline and citrate-saline-glucose mixtures was 
noted by Maizels and Whittaker [1940 a], and Crosbie and Scarborough 
[1941] found a progressive measure in the M.C.V. of blood stored with 
3-8 per cent, sodium citrate. 

As noted above, dilution of blood mth excess 3 per cent, sodium 
citrate alone was found to reduce mean cell volume, whereas the 
addition of solutions of glucose produced an increase. In considering 
the effect on cell size of .the addition of different amounts of sodium 
citrate and glucose solutions to blood, the volume of glucose solution 
is probably more important than the total volume of citrate-glucose 
mixture in relation to the volume of blood. 

Although when glucose solutions are added to blood, cell swelling 
will vary with the relative volume of glucose solution added, Klinghoffer 
has shown that when a certain concentration of glucose is exceeded, the 
red-cell membrane becomes relatively impermeable to glucose, so that 
when, for example, increasing proportions of 5-4 per cent, glucose are 
added to blood the increase in volume is found to be less than would 
occur if water were added instead of glucose. 

(6) pH Changes. — The initial figures for blood to which citrate has 
been added ( 7 ’ 45 ) and to which dextrin and glucose have been added 
(slightly lower) agree well with the observations of Maizels and Whittaker 
[1940 6]. The progressive fall in pH occurring in blood stored Avith 
citrate-glucose solutions was described by DeGovdn, Harris, and Plass 
[1940], although their pH figures are somewhat higher than those 
given here. 


Conclusions. 

The results of the commonly accepted in vitro tests, made upon 
samples of stored blood, are fallacious indicators of the state of preserva- 
tion of biological activity, as judged by the subsequent in vivo survival 
of the erythrocytes. In the selection of preservative solutions, however, 
in vitro tests ma 3 ’' have a negative value. For instance, if blood 
hsemolyses rapidly in a given solution, that solution may safely be 
rejected. If, however, a solution is found to be successful in inhibiting 
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with fresh plasma restores osmotic fragility to normal. The older 
samples of blood stored in citrate-glucose mixtures were not altered in 
the same way by treatment with fresh plasma. Although it is possible 
that osmotic fragility could have been further reduced in these cases 
by the use of a greater relative volume of fresh plasma, it seems likelj-, 
when the results are compared with the previous ones, that these 
changes are no longer completely reversible in vitro. It is possible 
that changes in osmotic fragility which cannot be reversed in vitro are 
correlated with impaired in vivo survival. 

Maizels and Patterson [1940}, using a citrate-saline mixture contain- 
■ ing a final concentration of 1 per cent, glucose, showed that the stored 
cells survived in. the recipient’s circulation after transfusion, but lost 
their extra sodium in vivo within 24 hours of transfusion. They found 
a big increase in the mean corpuscular sodium of blood taken from the 
recipient immediately after the transfusion, but noted that the figme 
had almost returned to normal by the end of 24 hours. In a series of 
7 transfusions we have been able to confirm these results. 

As mentioned above, however, an increase in corpuscular sodium 
does not necessarily imply an increase in corpuscular fragility (it may 
be compensated by a diminution in corpuscular potassium), so that 
these results are no evidence against the view that an increase in 
corpuscular fragility, that is not reversible in vitro is correlated with 
impaired in vivo survival. 

(4) Mechanical Fragility. — ^It was pointed out by Rous and Turner 
in 1916 that the mechanical fragility of the erythrocjrtes of different 
animals bears no constant relationship to the osmotic fragility. From 
fig. 10 it is clear that this lack of relationship between osmotic and 
mechanical fragilities also obtains with human erythrocytes stored in 
different solutions. Thus, for instance, despite the great difference 
between the osmotic fragility of erythrocytes stored in citrate-sucrose 
(XIII) and in the Rous-Turner solution (X), it will be seen that there 
is very little difference between the mechanical fragility of the two 
bloods. It wiU further be noted that there is no correlation between 
the amount of spontaneous hjemolysis that occurs in blood stored ^rith 
a given solution and the mechanical fragility of the same erythrocytes. 
For instance, although blood stored -with sodium citrate heemolyses 
much more rapidly than blood stored with the "Rous-Turner solution, 
the erythrocytes of the latter are, if anything, more fragile when shaken 
vigorously. Finally, it will be apparent that the results of these tests 
are in no way correlated with those of the in vivo sur\nval tests. 

DeGowin, Harris, and Plass [1940] found that er 3 dhrocytes stored 
\vith a dextrose-citrate solution resembling the Rous-Turner solution 
were more resistant to shaking than erythrocytes stored in a mixture 
of similar proportions but in which the glucose was replaced by saline. 
The latter solution thus somewhat resembles our solution V. In fig. 10 
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It may he emphasised that of the very many solutions that have 
been recommended for the preservation of blood, almost all up to now 
have been selected on the basis of in viiro tests. »Such solutions are 
accordingly only by chance the best for preserving the biological 
value of stored erythrocytes. 

In the selection of new preservative solutions, and particularly in 
devising new citrate-glucose mixtures, it is recommended that the 
eSect of the solutions upon the survival of the erythrocytes after 
transfusion be used as the main criterion of value, in preference to the 
commonlj^ accepted in vitro tests. 

We should like to thank Dr. J. F. Loutit for permission to carrj 
out this work; Dr. M. Maizels for helpful criticisms; Dr. G. L. Taylor 
of the Galton Laboratories Serum Unit, for very kindly supplying 
M and N test sera once more, and Dr. L. F. Hemtt for carrying out the 
pH determination. 
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hemolysis, it -will not necessarily succeed in prolonging in vivo 
survival. ® 

The degree to which stored erythrocytes resist vigorous shaking 
in the presence of glass heads is not correlated with their survival time 
in vivo. 

Although the osmotic fragility of stored erythrocytes, as usually 
measured, has led to many fallacious conclusions as to the value of 
different blood preservatives, a revised test in wliich the erythrocytes 
are first treated with fresh plasma may be found more useful. 

The in vivo surruval of blood stored without carbohydrate is almost 
as good as that of fresh blood when the period of storage is 6 days or 
less. I.H.T., sodium citrate, and heparin all seem to have a similar 
effect upon subsequent survival; defibrinated blood seems to surwve 
slightly better. In the treatment of ansemia it is suggested that the 
limit of 6 days is not exceeded when using blood stored in one of these 
solutions. Blood stored for 14 days without carbohydrate is almost 
useless to the recipient as a source of biologically active erythrocytes, 
although it usually does not contain suificient free hemoglobin at this 
time to be actually a source of danger. 

Dextrin and sucrose, although they delay the onset of hemol 3 "sis 
in vitro almost as weU as glucose, have very little effect in prolonging 
the in vivo survival of blood. 

The effect of glucose in prolonging the survival of er 3 i;hroc 3 i:es is 
very definite, and varies mth alterations in the amount and concentra- 
tion of glucose that is added. When approximately one volume of 
citrate-glucose solution is added to four volumes of blood, variation of 
the concentration of glucose in the final mixture from 0-6 to 2-2 per 
cent, makes httle difference to subsequent survival. If a larger -volume 
of citrate-glucose solution is added, however, and a final concentration 
of 2-7 per cent, in the final mixture is attained, survival is very definitely 
prolonged. Thus, whereas blood stored in the standard citrate-glucose 
solution (VI) for periods of 11-15 days already shows some falling off 
in sur-vival, blood stored with the Rous-Turner solution (X) for periods 
up to 21 days has a survival which is very little inferior to that of fresh 
blood. Although the Rous-Turner solution is thus a better preservative 
than the citrate-glucose solution in general use, the advantage is not 
obvious with blood stored for less than 10 days at least. Jloreover, 
the large relative volume of diluent in the Rous-Turner solution is a 
definite disadvantage both from the administrative and transfusion 
/ points of view. Thus for blood banks in which the turnover of blood is 
completed in 10 days or less there is no advantage in changing to the 
Rous-Trtrner solution. Rurther, the use of a small volume standard 
citrate-glucose solution leads to the production of plasma with a 
relatively high protein content, and this is important when blood that 
is not required for transfusion is to be used for plasma production. 



THE EFFECT OF REMOVAL OF THE POSTERIOR LOBE OF 
THE PITUITARY ON THE INHIBITION OF WATER- 
DIURESIS BY EMOTIONAL STRESS. By W. J. O’Connor 
(Beit Memorial Researcli Fellow) and E, B. Verney. From 
tKe Pharmacology Laboratory, Cambridge. 

(Received for publication 2nd June 1942.) 

Rydin and Verney [1938] showed that when water-diuresis in the 
dog was checked by emotional stress, the inhibition occurred in appar- 
ently unaltered form when the renal (see also Theobald [1934], Theobald 
and Verney [1935]) and suprarenal nerves had been divided, ahd 
whether or no this denervation were combined with section of the 
splanchnic nerves or even with decentralization of the entire abdominal 
sympathetic system. Measurement of the arterial pressure during 
the inhibition of urine-flow occurring under these different conditions 
suggested that the inhibition was not dependent upon a fall in blood- 
flow through the kidney, a deduction which received strong support 
in the rapid recovery of diuresis from the inhibition induced by 
temporary obstruction of the arterial blood-supply by means of a 
compression-unit previously implanted at the origin of the renal artery. 
These observations, together with others concerned with the effects 
of intravenous injections of adrenaline, indicated that local thsemo- 
dynamic events were not essentially related to the inhibition, and led 
to the conclusion that its agent was humoraUy conducted to the kidney 
and was not adrenaline. Furthermore, the finding that the inhibition 
by emotional stress resembled in time-course, degree, and in the 
accompanying changes in urinary chloride and nitrogen, that produced 
by a suitable intravenous dose of post-pituitary extract, suggested 
that the agent liberated in emotional stress was the substance to which 
the antidiuretic activity of post-pituitary extract is due. This sugges- 
tion we have now put to the test of direct experiment, and in so doing 
we have been greatly helped by the recent work of Pickford [1939], in 
which was described an inhibition of water-diuresis by the intravenous 
injection of acetylcholine in the atropinized dog, and its abolition by 
the removal of the posterior lobe of the pituitary demonstrated. 

Methods. 

Fully grown bitches were used in all the experiments. At a 
preliminary operation they were perineotomized in order to make 
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by Messrs Burroughs Wellcome under the name “Infundin” and 
standardized to contain 10 international oxytocic units per c.c. The 
same batch was used throughout the experiment on any one dog, and 
the term milli-unit as used in this paper signifies the antidiuretic 
activity of 10~^ c.c. of the extract. 

Removal of the posterior lobe of the pituitary was effected through 
the mouth under “nembutal” ^ ansesthesia. Aschner’s [1912] 
diasphenoid route was adopted, and the method ufeed was that described 
by Pickford [1939], with the exception that a tracheal cannula was not 
inserted. We found it an advantage to use an electrically operated 
dental drill to remove the inner table of the sphenoid. 

When the necessary observations had been made, the animal was 
killed and the brain hardened in situ in the following way. The dog 
was anesthetized either with ether or with chloralose (OTl g. per kg. 
intravenously) and the head perfused through one carotid artery with 
saline at a pressure of 100 mm. Hg until the effluent from the 
contralateral external jugular vein was nearly clear. The fixative was 
then infused by the same cannula. In most experiments the fixative 
was 10 per cent, formalin in saline, but in later experiments a solution 
of 2 per cent, formalin and 5 per cent, glacial acetic acid in 80 per cent, 
alcohol was used. The second of these fixatives gave much better 
results with Bodian’s [1936] method for staining nerve fibres. The 
region of the hypothalamus was dissected away with the overlying 
dura and scar, the tissue embedded in paraffin, cut in serial frontal 
or sagittal sections 10 fi thick at intervals of 0’05 to OT mm. and stained 
with hsemotoxylin and eosin: in some cases Bodian’s [1936] method 
for staining nerve fibres was used. Tissue removed at the ■operation 
for removal of the posterior lobe was fixed in the same fiuids and 
examined in the same ways. 


Results. 

The effect of removal of the posterior lobe of the pituitary on the inhibition 
of water-dmresis by emotional stress. 

In each dog before operation," and six animals have been used for 
this purpose, a strength of stimulus was found which consistently 
caused the rate of urine-secretion to fall approximately to the resting 
level. Eig. 1 illustrates the response. Forty-eight minutes after the 
dose of water had been administered the rate of urine-flow had risen 
to 3 c.c. per min. The stimulus was then applied for 1 min., and 7 
minutes later the urine-flow had fallen to 0-1 c.c per min. After 

’ Sodium ethyl-methyl-butyl-barbiturate (Abbott). The drug -was slowly 
injected intravenously in 5 per cent, aqueous solution in a dose of 33 me. per kc 
body-weight, “ ^ ^ 
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. catheterization of the bladder simple. With the exception of the 
large animal used for the observations recorded in fig. 4, they veighed 
between 8-4 and 12-7 kg. They were fed each evening and allowed 
water ai libitum, the diet, except in the case of the large animal to 
which we have just referred, being 8—10 oz. of biscuit supplemented 
once a week by 8 oz. of raw meat. 

Denervation of the Iddnej's was performed, under ether anjesthesia 
and vuth full surgical precautions, through a mid-line abdominal 
incision. The peritoneal attachments of each kidney were divided 
between a series of ligatures, the kidney wms lifted from its bed 
and completely isolated apart from its arterial, venous, and ureteric 
connexions, and these structures were then carefully denuded of all 
visible nervous and connective tissue. In addition, the splanchnic 
nerves on each side were severed as they left the crus of the diaphragm. 
The lumbar sympathetic chain was then exposed on each side, and as 
much as possible of its upper part removed : usually the second, third, 
and fourth lumbar ganglia with the intervening parts of the chain 
were excised. Replacement of the kidneys into their natural positions 
was assured by tying together each pair of ligatures between which 
the peritoneal attachments of the kidney had been divided. All of 
the observations recorded in this paper, with the exception of those 
given in fig. 4, have been made on animals whose kidneys and suprarenals 
had been denervated by this procedure. 

In any one animal water-diuresis curves of small variability were 
obtained in the following way. In the morning a dose of warm tap- 
water, varying from 250 to 300 c.c. according to the size of the animal, 
was given by stomach-tube, and 3 to 4 hours later the animal was 
placed in a Pavlov stand in a secluded room which was reserved for the 
observations with which this paper deals. The dose of water was 
then repeated and the response measured by collecting the urine 
continuously from a self-retaining catheter which conducted it to a 
series of graduated tubes. AH comparative tests of the effects of 
emotional stress and of post-pituitary extract were made at the height 
of a diuresis produced in this way. More uniform results were obtained 
in any one dog by always making the injection or applying the stimulus 
at the same time after the dose of water, usually 40 to 50 minutes 
(see p. 399). Emotional stress was produced either bj^ the sounding 
of an electric motor-horn near the animal, or by^ faradic stimulation 
through needle electrodes inserted into the subcutaneous tissue of the 
flanks the strength of stimulus in each case being just enough to cause 
definite resentment. The two methods were equally effective in 
inhibiting water-diuresis, but with most dogs the second method was 
used. Injections of post-pituitary extract were made into the malleolar 
vein the extract being suitably diluted with 0-9 per cent. NaCl so as 
to give the required dose in 0-5 c.c. The extract was that marketed 



Effect of Removal of the Posterior Lobe of the Pituitary 395 


by Messrs Burroughs Wellcome under the name “Infundin” and 
standardized to contain 10 international oxytocic units per c.c. The 
same batch was used throughout the experiment on any one dog, and 
the term milli-unii as used in this paper signifies the antidiuretic 
activity of 10~^ c.c. of the extract. 

Removal of the posterior lobe of the pituitary was effected through 
the mouth under “nembutal” ^ ancesthesia. Aschner’s [1912] 
diasphenoid route was adopted, and the method used was that described 
by Pickford [1939], with the exception that a tracheal cannula was not 
inserted. We found it an advantage to use an electrically operated 
dental drill to remove the inner table of the sphenoid. 

When the necessary observations had been made, the animal was 
lolled and the brain hardened in situ in the following way. The dog 
was anesthetized either with ether or with chloralose (OTl g. per kg. 
intravenously) and the head perfused through one carotid artery with 
saline at a pressure of 100 mm. Hg until the effluent from the 
contralateral external jugular vein was nearly clear. The fixative was 
then infused by the same cannula. In most experiments the fixative 
was 10 per cent, formalin in saMne, but in later experiments a solution 
of 2 per cent, formalin and 5 per cent, glacial acetic acid in 80 per cent, 
alcohol was used. The second of these fixatives gave much better 
results with Bodian’s [1936] method for staining nerve fibres. The 
region of the hypothalamus was dissected away with the overlying 
dura and scar, the tissue embedded in paraffin, cut in serial frontal 
or sagittal sections 10 p. thick at intervals of 0-05 to 0-1 mm. and stained 
with hsemotoxylin and eosin; in some cases Bodian’s [1936] method 
for staining nerve fibres was used. Tissue removed at the operation 
for removal of the posterior lobe was fixed in the same fluids and 
examined in the same Avays. 


Results. 

The effect of removal of the posterior lobe of the pituitary on the inhibition 
of water-diuresis by emotional stress. 

In each dog before operation," and six animals have been used for 
this purpose, a strength of stimulus was found which consistently 
caused the rate of urine-secretion to fall approximately to the resting 
level. Fig, 1 illustrates the response. Forty-eight minutes after the 
dose of water had been administered the rate of urine-flow had risen 
to 3 c.c. per min. The stimulus was then applied for 1 min., and 7 
minutes later the urine-flow had fallen to 0-1 c.c per min. After 

» Sodium ethyl-methyl-butyl-barbiturate (Abbott). The drug was slowly 
injected intravenously in 6 per cent, aqueous solution in a dose of 33 mg. per kg. 
body-weight. “ ^ “ 
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persisting at this low level for 10 minutes the flow gradually increased, 
and 45 minutes after the application of the stimulus it had recovered 
to the rate of nearly 2 c.c. per min. Pig. 2, A and B, show the effects 



1. — Inhibition of water-diuresis by emotional stress in a normal bitch: 
“Sin," weight= 9*7 kg. Tlie doso of 300 c.c. of water was given at zero time, 
and times in minutes after the giving of water are plotted as a'bsciss.'e. Ordinates 
show the rate of urine-secretion over the interval before the plotted point, the 
intervals being usually 2-5 min. All graphs in this paper are plotted in this way. 
At the arrow the dog was excited for a period of ono minute by a weak farodio 
current through needle electrodes in the flanks. 



Pjq, 2.— The tfiect of the same emotional stimulus, applied at tlio arrow, on 
the saine bitch as in fig. 1, but 26 days (graph A) and 32 days (graph B) after 
removal of the posterior lobe. Ordinates and absciasro ns in fig. 1. 


of a similar degree of emotional stress in the same animal 26 and 32 
days after removal of the posterior lobe of the pituitary. In each 
instance the emotional disturbance was as great as that whicli caused 
before operation the large inhibition seen in fig. 1; but in the experi- 
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ment illustrated by the graph A of fig. 2 practically no inhibition 
resulted, and in that by the graph B the response, although quite large, 
was much less than that before posterior hypophysectomy. In each 
of the six animals the emotional stress which before operation caused 
large ijiliibitions gave, after posterior hypophysectomy, either no 
inhibition or diminished inhibitions not larger than that shown in 
B of fig. 2. With all six animals, however, such diminished inhibitions 
were seen in some of the tests after removal of the posterior lobe: 
of 94 tests after posterior hypophysectomy, 44 showed no inhibition 
and 50 a small but definite inhibition which was never larger than 
that given in B, fig. 2, and only approached this size in 10 of the tests. 
We conclude that the inhibition of water-diuresis by emotional stress 
is almost, but not completely, abolished by the removal of the posterior 
lobe of the pituitary. A paramount role, therefore, in the full expression 
of the inhibition is played by the posterior lobe, and the inference is 
compelling that under emotional stress a quantity of antidiuretic 
hormone is discharged from it. 

Microscopic examination of the tissue removed at the operation 
of posterior hypophysectomy showed the posterior lobe apparently 
complete with the pars intermedia; but since the stalk of the pituitary 
and the infundibulum are regarded as being of the same structure as 
the posterior lobe [Eisher, Ingram, and Ranson, 1938], it is unlikely 
that all of the tissue capable of secreting or discharging antidiuretic 
hormone will be removed or destroyed by this operation alone. In 
this connexion it is of interest to recall Sato’s [1928] finding that 0-25 
per cent, acetic acid extract of the dog’s tuber cinereum delays water- 
diuresis in the rabbit when the administration of the water is accom- 
panied by the subcutaneous injection of the extract: the amount of 
antidiuretic substance in the extracts after hjqjophysectomy is stated 
by Trendelenburg [1928] to be increased. Four of our six animals 
were subjected to further operative interference in the pituitary region, 
but the remaining two were killed, the one 42 and the other 140 days 
after posterior hypophysectomy, and in each the anatomical picture 
revealed by serial section of the pituitary region was essentially the 
same. A mid-line sagittal section of this region in one of these animals 
is reproduced diagrammatically in fig. 3, a, and a similar section in a 
normal animal in fig. 3, b. The removal of the posterior lobe has left 
the stalk and infundibulum apparently intact, but the ventral wall 
of the cavity of stalk and third ventricle is rather thinner than in the 
normal; and the Bodian method of silver-staining for nerve fibres 
showed that the great mass of fibres which normally runs to the posterior 
lobe via the stalk was greatly reduced by loss of the posterior lobe. 
Many fibres, however, were still to be seen entering the stalk and 
tunning towards its blind end, first in definite bundles, but, more 
distally, these bundles were replaced by individual fibres running in 
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no' common direction. With respect to the disposition of the nerve 
fibres and the nature of the cells, the remaining stalk resembled posterior 
lobe tissue : on anatomical grounds there is, therefore, reason to expect 



Fio. 3. — (a) Sagittal section, near mid-line, of the hypothalamic and hypo- 
physeal regions after removal of the posterior lobe: “Tarzan,” wt. =11-2 kg. 

(6) Corresponding section from a norma! dog. A, optic chinsma; B, posterior 
iobe; C, sear tissue; D, third ventricle. The hea\’y stipple indicates anterior 

lobe tissue, x 8. 

a residuum of antidiuretic activity after removal of the posterior 
lobe. 

In the dog the anterior lobe forms a covering over the whole of the 
posterior lobe, and in the operative removal of the posterior lobe it 
thus becomes necessary to split the ventral portion of the anterior 
lobe. There is, therefore, always some damage to the anterior iobe, 
but as is seen in fig. 3, a, the portions of the anterior lobe in front of 
and behind the stalk are still intact and, with the lateral masses of 
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anterior lobe tissue, are in all probability quite adequate to maintain 
normal function. No portion of the pars intermedia could be seen in 
the sections from the animals after posterior hypophysectomy. 

If the residuum of inhibition of water-diuresis by emotional stress 
after removal of the posterior lobe has its structural correlative in the 
remnant of neuro-hypophysis, the determination of the functional 
proportion of tissue removed at posterior hypophysectomy by com- 
paring the post-pituitary extract equivalents of the full and residual 
inliibitions becomes of interest. Before proceeding to this determination, 
however, we shall give a series of responses to post-pituitary extract 
during water-diuresis, in order to disclose the indices which appear to 
give the most accurate measure of responses of different magnitude, 
and to emphasize the conditions which favour uniformity in response 
to a constant dose. 

Water-dmresis in the dog as a meaTiis of assaying post-pituiiary anti- 
dmreiic activity. 

The graphs in fig. 4 represent a series of nineteen experiments 
performed on a 15-8 kg. bitch. 

The procedure in each instance was as follows. At 1 p.m. a preliminary 
hydrating dose of 300 c.c. of tap-water (T. 37°) was given by stomach-tube 
and the animal put in its kennel. 'An hour and a quarter later the animal 
was catheterized in a Pavlov stand, and ten minutes after the urine-flow had 
fallen to a rate of under 04 c.c./min. the test-dose of 300 c.c. of water was 
administered. The period between the two doses of water varied between 
105 and 131 min., and the time at which the test-dose was given is zero time 
in the figures. At the end of each observation the animal was returned to 
its kennel and given 10 oz. of biscuit and half a pint of bread and milk. The 
experiments were intermitted one day each week, and on the evenings pre- 
ceding these days the diet was supplemented by | lb. of raw meat. 

Pig. 4, a, gives the extreme and the mean rates of urine-flow in five simple 
responses to the test-dose of water: this mean is shown by the interrupted 
lines in aU succeeding parts of the figure. Pig. 4, b, c, d, e, /, g, and h, give 
the responses to 0-25, O-S, 0-75, 1-0, 2-0, 5-0, and 10-0 milli-units respectively, 
the doses being injected intravenously at the times shown by the arrows. 
No injection was given earlier than 30 min. after the dose of water, by which 
time absorption of the 300 c.c. of water by this animal was almost certainly 
complete (see Klisiecki, Pickford, Rothschild, and Verney [1933]). Pig. 4, a, 
shows that during the succeeding 15 min. the rate of urine-flow is maintained 
at a high and fairly uniform level, but since during this period the water-load 
of the animal will be rapidly falling, and the sensitivity to injected extract 
correspondingly increasing (see Hart and Verney [1934], Pickford [1936]), 
the importance of making the injections at the same time after the administra- 
tion of the water will be evident. As a test of this, 0’5 mflli-unit was injected 
on one occasion 40 min. instead of 30 min. after the test-dose of water: the 
minimum rate during the 15-minute period after the injection was 1-75 c.c./min. 
definitely less than the minimum rates of the two responses given in fig. 4, c 
and showed no appreciable recovery afterwards. There is, however, 
another factor which interferes with the reliability of this minimum rate as a 
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Fig. 4, continued . — (e) Two responses to 1-0 miUi-unit. (/) Two responses 
to 2-0 milU-units. (g) Two responses to 5*0 milli-units. (h) Two responses to 
lO'O milli-units. The difleronce between the volume of water given (300 c.c.) 
and the volume of urino^ excreted up to the time of the injection is expressed 
as water-load CWL): this difference is recorded against the arrow relating to 
the corresponding graph. Ordinates and ahsciasm as in fig. 1. For further 

description see text. 
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measxire of the response, namely, variability in the rate of nrine-flov at the 

given. In one of the observations on the effects 
ot 0-25 muli-umt (not included in fig. 4, b) the response to the test-dose of 
' abnormally low maximum when the injection was given at 

32 min.^ The minimum rate in the subsequent lo-minute period was as low 
as that in the larger of the two responses to double this dose in fig. 4, c. The 
percentage fall in rate, however, was definitely less, and was, indeed, approxi- 
mately the same as the percentage falls in the other two responses to the 
same dose. While, therefore, the ideal conditions for assaying differences in 
post-pituitary antidiuretic activit 5 ' would appear to be equality in period 
between the administration of the test-dose of water and the injection, and 
close parallelism between the courses of urine-flow during this period, the 
effect of small anomalies in the latter will be largely corrected if the per- 
centage reduction in rate is taken as the index of the magnitude of the 
response. The percentage reductions in rate in all the experiments given in 
fig. 4, 6, c, d, and e, are plotted against the corresponding doses as an inset 
in fig. 4, d. 

With the precautions outlined one can, then, readily distinguish in this 
animal between adjacent effects in the series 0-25, 0-5, 0-75, and l-O milli-unit. 
With doses larger than that which reduces the urine-flow momentarily to 
the resting level — ^in this animal 1-0 milli-unit — the responses show an 
increasing lag in recovery with increasing dose. The mean period between 
the times when the descending and ascending limbs of the responses reach the 
1-5 c.c./min. level is 7-5 min. with the doses of hO nuhi-unit, 13 min. with those 
of 2 milli-units, 18 min. with those of 5 milli-units, and 27 min. udth those of 
10 milh-units; and the curves show that with few observations one may safely 
distinguish between these amounts of extract. 

With these facts and considerations in mind we ma}’- now proceed 
to compare the post-pituitary extract equivalent of the inhibition 
produced by emotional stress before, with that produced after removal 
of the posterior lobe, with a view to estimating the functional proportion 
of tissue remaining after the operation. 

T/ie estimation of the functional proportion of neuro-hypophyseal tissue 

remaining after removal of the posterior lobe. 

First it is necessary to estimate the amount of antidiuretic substance 
which is liberated in response to a standard period of emotional stress 
before the removal of the posterior lobe. As the size of the inhibition 
produced by any one dose of post-pituitary extract may change some- 
what in the course of a long experiment, comparison of the inhibition 
by emotional stress with inhibitions by suitable doses of post-pituitary 
extract should be made over as short a period as possible. Fig. 5 
illustrates an assay before removal of the posterior lobe, all of the six- 
curves shown being obtained within a period of 8 days. In fig. 5, a, 
the inhibition produced by 40 seconds’ faradic stimulation is compared 
with the inhibition produced by 2-0 milli-units injected intravenously 
at the same time on a similar curve: during the emotional stress more 
than ‘2-0 milli-units are liberated. In fig. 5, b, comparison is made 
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between the effects of another emotional stimulus of the same strength 
and duration and the effects of an injection of 20-0 milli-units: here it 
IS seen that the inhibition from emotional stress is 'less than that from 
20 milli-units. More detailed assay was not always possible when the 
stress caused as large an inhibition as in this dog, because the difference 
between the inhibitions from doses of 5, 10, and 20 milli-units— a 
slightly increasing delay in recovery of the rate of urine-flow with 
increasing dose may be very small. In the example given in fig. 5 
a more accurate assay could, however, be made. Fig. 5, c, shows, in 
the same series, the responses to 5 and 10 milli-units. Careful com- 
parison reveals that the course of recovery from the inhibition produced 
by emotional stress in fig. 5, a, is almost identical with that from the 
inhibition produced by 6 milli-units in fig. 5, c: thus, 20 minutes after 
the stimulus the rate of urine-flow was 0-9 c.c. per min., and 20 minutes 
after the injection of 5 milli-umts the rate was 0-85 c.c. per min. 
At 30 minutes after the stimulus or injection the corresponding figures 
were I'O and 1’4, and at 40 minutes 1-95 and 2-1 c.c. per min. Similarly 
the response to emotional stress in fig. 4, 6, closely follows that to 6 
milli-units. Another inhibition by emotional stress in the same period 
of 8 days lay between the responses to 5 and 10 milli-units. We 
conclude that in this dog the response to 40 seconds’ faradic stimulation 
was the liberation from the neuro-hypophysis of antidiuretie substance 
equivalent to 5-10 milli-units of post-pituitary activity. 

Similar assay was made of the residual inhibition produced by the 
same emotional stimulus applied at intervals after the removal of the 
posterior lobe of the pitiiitary. A typical result is illustrated in fig. 6, 
the observations being made on the same animal as that from which 
the results given in fig. 5 bad been earlier obtained. Fig. 6, a, is a 
comparison of a response to 40 seconds’ faradic stimulation with a 
response to the injection of O-S- milli-unit; the latter response is seen 
to be the greater. On the day before these observations were made 
0-03 milli-nnit had had no appreciable inhibitory effect (fig. 6, b), 
while on the day after 0-1 milli-unit produced an inhibition (fig. 6, b) 
very similar to that of the emotion. In this test, therefore, the amount 
of antidiuretic substance liberated by the emotional stress corresponded 
with less than 0-5 'milli-unit, and was probably about 0-1 milli-unit. 
During the first 2 months after removal of the posterior lobe from this 
dog, ten tests of the inhibition of water-diuresis by the same emotional 
stimulus were made and the inhibitions assayed in this w’ay in terras 
of post-pituitary extract. None of the inhibitions exceeded, and only 
two equalled the inhibitions produced by 0-5 milli-unit; two of the 
tests gave no recognizable inhibition, and the average post-pituitary 
equivalent of the ten tests was 0-2 nc^Ii-unit. Since the same animal 
in response to the same emotional stimulus liberated between 5 and 
10 milli-units before operation, we infer that the functional residuum 
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of neuro-hypophysis after removal of the posterior lobe Tvas about 
2 to 4 per cent, of the total. 

The emotional inhibitions before and after the removal of the 
posterior lobe have been compared in this way in four dogs, and in aU 
four certainly more than 90 per cent, of the antidiuretic function of the 
neuro-hypophysis ^Yas lost as a result of this removal. In the three 



IPiQ. 6. — The csfcimatiott of the amount of entidiuretic Buhstance liberated in 
response to 40 seconds' emotional stimulus of the same strength and with the 
same bitch as in fig. 6, but 1 month after removal of the posterior lobe, (a) The 
inhibition resulting from the emotional stimulus is compared with that from 
0;S milli-unit injected during the curve of the previous day. (6) The inhibitions 
from 0-1 milli-unit on the day after the curves of (a) and from 0-03 milli-unit on 
the day before the curves of (o). Ordinates and absciss® as in fig. 1. 

animals in which a more accurate assay was possible, only between 
2 and 7 per cent, of the original function remained ; the posterior lobe 
contained, therefore, about 95 per cent, of the antidiuretically active 
neuro-hypophyseal tissue. 

Two of the dogs were kept without further operative interference 
for five months,- and during this period no increase in the size of the 
residual inhibition of diuresis by emotional stress was- observed: an 
indication that no regeneration or hypertrophy was occurring in the 
residuum of neuro-hypophysis. • , . 

Discussiok. ■ ■ 

The results reported in this paper show that the posterior lobe 
of the pituitary liberates, in response to an adequate physiological 
stimulus, effective amounts of a substance which inhibits the output 
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between the effects of another emotional stimulus of the same strenetli 
and duration and the effects of an injection of 20-0 milli-units; here it 

emotional stress is less than that from 
20 miUi-units. More detailed assay was not always possible when the 
stress caused as large an inhibition as in this dog, because the difference 
between the inhibitions from doses of 5, 10, and 20 milli-units— a 
slightly increasing delay in recovery of the rate of urine-flow with 
increasing dose may be very small. In the example given in fig. 5 
a more accurate assay could, however, be "made. Fig. 5-, c, shows, in 
the same series, the responses to 5 and 10 milli-units. Careful com- 
parison reveals that the course of recovery from the inhibition produced 
by emotional stress in fig. 5, a, is almost identical with that from the 
inhibition produced by 5 milli-units in fig. 5, c: thus, 20 minutes after 
the stimulus the rate of urine-flow was 0*9 c.c. per min., and 20 minutes 
after the injection of 5 milli-units the rate was 0'S5 c.c. per min. 
At 30 minutes after the stimulus or injection the corresponding figures 
were 1‘0 and 1'4, and at 40 minutes 1-95 and 2-1 c.c. per min. Similarly 
the response to emotional stress in fig. 4, b, closely follows that to 5 
mUli -units. Another inhibition by emotional stress in the same period 
of 8 days lay between the responses to 5 and 10 milli-units. We 
conclude that in this dog the response to 40 seconds’ faradic stimulation 
was the liberation from the neuro-hypophysis of antidiuretic substance 
equivalent to 5-10 milH-units of post-pituitary activity.- 

Similar assay was made of the residual inhibition produced by the 
same emotional- stimulus applied at intervals after the removal of the 
posterior lobe of the pituitary. A typical result is illustrated in fig. 6, 
the observations being made on the same animal as that from which 
the results given in fig. 5 had been earlier obtained. Fig. 6, a, is a 
comparison of a response to 40 seconds’ faradic stimulation with a 
response to the injection of 0-5 milli-unit: the latter response is seen 
to be the greater. On the day before these observations were made 
0-,03 mfili-unit had had no appreciable inhibitory effect (fig. 6, 6), 
while on the day after 0-1 milli-unit produced an inhibition (fig. 6, b) 
very similar to that of the emotion. In this test, therefore, the amount 
of antidiuretic substance liberated by the emotional stress corresponded 
•with less than 0-5 'milli-unit, and was probably about 0-1 milli-unit. 
During the first 2 months after removal of the posterior lobe from this 
dog, ten tests of the inhibition of water-diuresis by the same emotional 
stimulus were made and the inhibitions assayed in this way in terms 
of post-pituitary extract. None of the inhibitions exceeded, and only 
two equalled the inhibitions produced by 0-5 milli-unit; two of the 
tests gave no recognizable inhibition, and the average post-pituitary 
equivalent of the ten tests was 0-2 milli-um't. Since the same animal 
in response to the same emotional stimulus liberated between 5 and 
10 milli-units before operation, we infer that the functional residuum 
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of the anticffuretic activity of the neuro-hypophysis, as assessed in tho 
emotional inhibition of water-diuresis, can bo abolished without pro- 
ducing such an impairment in tho animal’s ability to conserve its tissue- 
water as would be expressed in a permanent increase in urine-flow. 

We have been unable to detect any change in the sensitivity of 
the kidney to post-pituitary extract as a result of removal of the posterior 
lobe. The smallest doses which produced a recognizable inhibition 
during water-diuresis in four animals before and after this removal 
are given in Table I. 


Table I. 


Weight of animal 
in kg. 

Minimal effective dose in milli-units. 

Before 

hypophysectomy. 

After 

hypophysectomy. 

8-4 

003-0 1 

0-03-0-1 

8-7 

<005 

0-02 

9-7 

0-05 

0-05 

11-2 

005 

0-05 


It seems that after posterior hypophysectomy the remaining 
fragment of neuro-hypophysis is functionally adequate, and that only 
if this were removed or caused to degenerate by section of the hypo- 
thalamico-hypophyseal tracts or by destruction of their nuclei would 
persisting ^abetes insipidus appear. On this view our observation 
of a residual inhibition would harmonize with the work of Pisher, 
Ingram, and Ranson [1938], who have shown that in the cat and in the 
monkey the occurrence of diabetes insipidus is contingent upon the 
complete degeneration or removal of the neuro -hypophysis; and it 
gives additional interest to the claim by Heinbecker and White [1941] 
that in the dog there is a correlation between the degree of degeneration 
in the supra-optic nucleus and the degree of increase in the daily output 
of urine after operative interference in the hypothalamico-hypophyseal 
region. Heinbecker and White [1941] state that simple removal of 
the posterior lobe and pars distalis is followed by a loss of from 60 to' 
80 per cent, of the nuclear cells, and that only when the residuum of 
normal cells falls to some 10 per cent, of the normal does an increase 
in the output of urine appear. 


SUMMAKY. 

1. The inhibition of water-diuresis by emotional stress in the dog is 
largely reduced after removal of the posterior lobe of the pituitary body 
VOL. XXXI.. NO. 4.— 1942. 28 
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of water by the kidney during the diuresis following the administration 
of water by mouth. Assay of the quantity of hormone liberated in 
response to short-lived emotional stress shows this to be of the order 
of a few nailli-units, and in all our experiments 1 milli-unit has been suffi- 
cient -to reduce the urine-flow during water-diuresis to the resting level. 

■ Under physiological conditions, therefore, there is no need to postulate 
that amounts greater than this order are ever circulating in the blood- 
stream ; and so far as we are aware there is no test which is sufficiently 
sensitive and accurate to detect variations in the concentration of the 
substance in the blood under such conditions. The rat-test described 
by Burn [1931] does not detect quantities much less than 20 mflli- 
units; and, working with the rabbit. Walker [1939] has shoum that the 
minimum dose which can be detected by this method is between 0-2 
and 0-5 milli-unit. Obviously such tests are not sufficiently sensitive 
to detect the difference in the post-pituitary antidiuretic activity of 
blood-samples of, say, 20 c.c. taken from the dog at resting and diuretic 
rates of urine-flow seeing that, even on the assumption that the hormone 
is restricted to the blood-stream and not electively adsorbed at its 
site of action in the tubule epithelium, this difference need be only 
of the order of 0-03 milli-unit. Gilman and Goodman [1937] claim 
that when rats are deprived of food and water for 24 to 48 hours an 
antidiuretic substance of pituitary origin appears in the urine, but 
Walker [1939] has been unable to confirm this. Be that as it ma 3 % the 
failure to detect such antidiuretic activity in body fluids is not evidence 
against the control of water excretion by the neuro-hypophysis, in 
view of the smallness in amount of substance needed in the blood 
to cause antidiuresis. For the present, as seems to us, the strongest 
evidence of the true hormonal character of the pituitary antidiuretic 


substance is the demonstration of its liberation during emotional stress 
in the living dog and of its liberation [PicHord, 1939] by the intravenous 
injection of acetylcholine. We may, then, regard this substance as the 
normal transmitter of activity between the nerve elements in the neuro- 
2^ypophysis and the effector cells in the kidney tubules, and as a reminder 
of the phylogenetic history of the vertebrate excretory organs (see 


GaskeU [1908]). 

In our experiments removal of the posterior lobe was followed 
an increase in the daily output of urine from a preoperative %^alue of 
about a quarter of a litre to a value of one to two litres for the first 
two to four days. The increase then gradually subsided, and the 
output of urine was apparently normal from about a week after the 
operation. This temporary polyuria has been observed 
Ingram and Ranson [1938] working on the cat, and by Pic’^or^ [1939] 
working on the dog. We have not as yet determined whether the 
flpcrrpp^of tissue hydration subsequent to the temporary polyuria is 

it it ran..rb.We that a. 05 P=r can,. 
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of the antidiuretic activity of the neuro-hypophysis, as assessed in the 
emotional inhibition of water-diuresis, can be abolished without pro- 
ducing such an impairment in the animal’s ability to conserve its tissue- 
water as would be expressed in a permanent increase in urine-flow. 

We have been unable to detect any change in the sensitivity of 
the kidney to post-pituitary extract as a result of removal of the posterior 
lobe. The smallest doses which produced a recognizable inhibition 
during water-diuresis in four animals before and after this removal 
are given in Table I. 

'■ Tabi^: I. 


Weight of animal 
in kg. 

Minimal effective dose in milli-nnits. 

Before 

hypophysectomy. 

After 

hypophysectomy. 

8-4 

003-0-1 

003-0-1 

8-7 

<006 

0-02 

9-7 

005 

0-06 

11-2 

005 

0-05 


It seems that after posterior hypophysectomy the remaining 
fragment of neuro-hypophysis is functionally adequate, and that only 
if this were removed or caused to degenerate by section of the hypo- 
thalamico-hypophyseal tracts or by destruction of their nuclei would 
persisting diabetes insipidus appear. On this view our observation 
of a residual inhibition would harmonize with the work of Fisher, 
Ingram, and Ranson [1938], who have shown that in the cat and in the 
monkey the occurrence of diabetes insipidus is contingent upon the 
complete degeneration or removal of the neuro -hypophysis; and it 
gives additional interest to the claim by Heinbecker and White [1941] 
that in the dog there is a correlation between the degree of degeneration 
in the supra-optic nucleus and the degree of increase in the daily output 
of urine after operative interference in the hj^othalamico-hypophyseal 
region. Heinbecker and White [1941] state that simple removal of 
the posterior lobe and pars distalis is followed by a loss of from 60 to' 
80 per cent, of the nuclear cells, and that only when the residuum of 
normal cells falls to some 10 per cent, of the normal does an increase 
m the output of tu-ine appear. 


SUMMABY. 

1. The inhibition of water-diuresis by emotional stress in the dog is 
^rgely reduced after removal of the posterior lobe of the pituitarv bodv. 
VOL. XXXI., NO. 4. — 1942. 28 
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2. Consideration is given to the method of assaying the post- 

pituitary antidiuretic hormone by intravenous injection during water- 
diuresis. . ■ 

3. Comparison of the post-pituitary extract equivalent of the 
emotional inhibition beforej uith that after, removal of the' posterior 
lobe shows that only about 5 per cent, of the antidiuretic function 
of the neuro-hypophysis, as expressed in the inhibition by emotional 
stress, remains when the posterior lobe has been removed. 

4. This residuum of function is apparently adequate to constrain 
the output of urine -ivithin normal limits. 

5. The bearing of these results on the neuro-hypophyseal control 
of water-excretion is discussed. 

Grateful acknowledgment is made to the Government Grant 
Committee of the Royal Society for defraying part of the expenses 
incurred in this work. 
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